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(5J) Tille: IMPLANTABLE MEDICAL DEVICE FOR TREATING CARDIAC MECHANICAL DYSFUNCTION BY EL13CTR1- 
CAL STIMULATION 

• tme nmrin nl' heart i'ailurc parameters indicative ol* the slate of heart 

^ (57) Abstract: An implantable stimulator an developed pressure (DP = systolic P 

<3 failure employing EGM signals, measure ol b lood pressure ,nc.u 1 g . These parameters include: 

^ diastolic P), and/or dP/dl, and measures ol hear chambc -lum. CV " - mechanical response of a hear, chamber 

Sd ) taxation or contraction time constant lau (I ); 2 ^^n^MRF) C the rate of decay ofPESP effects over a scries 
O to premature stimuli applied ,0 the hear, chamber; (3, nx,n.»Unon I action (R ^ ^ p ^ y ^ ^ 

m or lh c hear, cycles; and (4) end systolic elastance (Eh > i.e ^ ^Zrc > ^ ^ whcU , cr a 

£ failure parameters are determined periodically regard ess ol ^^^^J^^g the stored patient data for a later 
® part.cu.ar therapy is appropriate, prescribe h^^^ , hercby enabling perio dic changes in therapy, if 

of 'tachyarrhythmias and the therapies that are delivered. 
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™ ^ IMPLANTABLE MEDICAL DFVTPF w» 



FIELD OF 7m n,n^i, mrn 
The present invention relates generally to implantable medieal devices and ™ 



BACKOKOTIun OF thk njyp ,,^ 

diaato, • SUffedng 0hrODiC manifeS, m <*» venhicmar end- 

dtasfohc pmsaure, according to ta weMn0WI1 

mcrea ed ventncular wal, sdflness. CHF dae to d-i t hypertension, ischemia ^ 
tdropaduc cardiopathy is associated * compromised systohc and J£ ^ 

7* ! ^ Pr ° CeSSeS 01 «»■*■*- fem cardiac surgery with or 

wrthout spectfic disease processes. Most heatt fail„„ ™« . ., 

a defect mth. a .• s ' MOSUwatt &lme patterns do not normally suffer from 

a defectmthe conduct™ system leading to ventricular bradycardia, but rata suffer from 
symptoms which may indude a genera, weakening of me eonhncule mncnon oft 
oardtac muscle, aftendan. en,argemen, nrereof, impaired myocamia, motion and 
depressed ventricmar fining characteristics in me diastolic phase followmg contraction 
Pultnona^ edema, shortness of bream, and disrupt in systemic blood pressure are ' 
«-""- «• ■ — -cerbadons of heart failure. All dtese disease processes lead to 
msnmctentcardtacouhruttosustammiMormoderateleveisofexerciseaudproper 
funchonof other body organs, aud progressive worsening evenhaaHy reauhs in cLiogemc 

ahoolcarrhyumna S ,elechomechanical dissociation, and death 

Such patients are normally treated with dntg therapies, including digitabs which 

may ^ to toxl city and ,oss of effectiveness. Many inotropic drugs have lent y 11 
vat,ab,e targeted a, various receptom in the myocyte and designed for the purpal of 

dtrecuy shmmaUng cardtac tissue in order to increase conuucdnty. However, mem axis, 
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ntany possible undesirabte side .IfecB, in addition to •» fact that these drags do no, 
lta , s work for dreir nr,ended purpose. This is especially charac,en S „c of the patten, 

suffering from end-stage heart failure. 

In .he early days of implantable oardiae pacing, it was observed drat paired pacrng 
ft*, or more closely spaced pacing pulses delivered at the toe-out of au escape interval) 
and triggered or eoupied pacing (one or more pacing pulses delivered following ft. 
detection of a P-wave or R-wav. .erminabng an escape urlerval) with relatively short 
fateI pu ls e ,nterva, S (150 to 250 milhseconds in dogs and about 300 ****** u . human 
subject) benef.ca.ly slowed heart rate and increased cardiac output The result of ft. 
Jond pulse, applied within dre relative refractory penod of ore firstpaced 0 r sp_s 
d epo.»rizanon, is to prolong the refractory period and effect a s,ow,n g of the bear, rate 
from rts spontaneous rhydun without an attendant mechanical myocardral con— 
This slowing effecthas been employed since Una. tune in many apphcations, uaCudrng dre 
ofattia, aud venhfcular tachycardias, where a snrgle pu.se or a burs, of pn, S e^ 
L .oup.ed ,0 a spontaneous tachycardia even, wid. a coupling hrtetval .halts shorter man 
and can be se, as a fraction of me .achyoardia interval as taught, for example nr U.S . 
Paten.No, 3,857,399 and 3,939,844. The slo wh,g of dr. heartrateby coup.ed pacrng .s 
Lco.np.med by me ah** to increase or decrease me ram win. subs.rp.en, coupled pacrng 
within wide limits. 

Paired and coupled stimulation of a bear, chamber also cause a potentiation of 
contractile force effec, tinough a phenomeoon .mown as pos,-exttasys,olrc potentiation 
;; SP ) described in fed hr eomn,ou,y assigned U.S. Palen, No. 5^3 098. The force of 
conttactiott of the heart is increased during ,he heart cycle ft* ,he patted or coupled 
2u.at.on is apphed, and me increase persU* bu, graduaHy dimmishes over a nun*, of 
deeding hear, cye.es. Other m.asumb,e PESP effec. ,ba, a!so pe,srs, bn, gmduaHy 
ZZlL a rrunlr of bear, cycles ine.ude changes in ,he pea, systohc blood pressure, 
T2 of commotion of ,be ventt.cu.ar muscle with a rearing increase o ,he rate ofr.se 
I2rav.ntricu.ar pressure (dP/dt), an .increase in coronary bloor , ^ and an — rn 
fll .oxy g e,,up,alceofti,.hear,perb.a,. ^f^"^ .. 

accompanied by an increase in dre myocard.al oxygen consnmptton of 35 A 
compared with single pulse stimmation a, Ore same ra,e and was assocate wttb a 
JLcatt, hnprovemen, in eiectton tinction. The add.tion of a , bud stimulus mcreased 
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the .nyocardra. oxygen „ ptake even fcraier ^ 

card,. eontracffle force. ^ altmfcns fa pa^ZT 
consumption ofthe heart as observed fa ^ ^ « * l-M *. oxygen 

The marked potentiation effect produced by paired stimulation led certain 
negate, to « tiratPBSP wouJd J ^ 

fafiure mhumans and conducted smaies using me te ctaique in tire ueatinen,^ heart 

Barly mvestigators 00Jjducted . ^ ^ ^ ^ ~ 

paned and coup.ed stimulation of ft e atria, and ventrical chambers, and memoes 
were made available by Medtronic Inc a„H „«,. 

PESP effect ft ■ ' and °' her00m I ,! "" esta ™ ^ort to employ the 

PESP effect However, was reabzed tha, are applieationofeloseiy timed paired L 
-pted pacmg puls e s , pa^rly the high energy pacing pulse, that were mp, yl, 

that were ™,e. The effort, ,o capitalize on the PBSP effecte were .argely 

^bronouspachrg systems, including DDDa nd DDDRpactag systems , mai Jj 
M tionre, tire, and outer companies, have a, S o been prescribed for treatment CHP as 
well as a vanety of bradycardia conditions. Certain patie„ tgroups maaSBg ta ^ 
— . with or wimou, brndycatdia tend to do much better ^J,^ 
synchronous pacng due to tire added contribution of atiia, contraction t o ventii la <Z S 
and subscnentcontiaction. However, fixed or physiolog™ driven mteresp^ 
pacmg m such patients does no, always iead to improvement in cardiac ou„u,a„d 
~n of tire symptoms attend to such disease _ 

assess the degree of compromise of cardiac output caused by CHP and to detennine * 
^ — fi.a.areoptintalforrnaxinti.ngeardiacou.pnti The ntagnihrde oft 
AV de,ay 1S one factor tha, requires obtaining pressure dals involving an extensive patient 
work-up as se, ford, in commonly asstgned U.S. Paten. No. 5,626,623. 
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The above-referenced '09S patent discloses PESP eardiae pacing energy stimulator 
for applying paired and/or btggered pacing sbmulahon pulses to the right atrium and/or 
ventricle incorporating one or more sensors and srgna, processing circuitry for conriolltng 
,he frequency of or nnmber of heart cycles between periodic delivery of triggered or 
paued pacing to induce and opto the PESP effect for tire treatment of CHF or other 
cardiac dysfunctions. A fust sensor, e.g., a ventricular or artena. blood pressure or flow 
sensor, is employed to monitor the performance of.be heart and U, develop a cardrao 
performance index (CPI). A second sensor, e.g., an oxygen sanation sensor posted m 
,he coronary sinus, is employed ,0 monitor cardiac muscle stress and develop a cardmc 
stress index (CSI) «o balance performance and sheas. The disclosed PESP 
he incorporated into a dual chamber (DDD) pacing system whh o, without physiology 
ra te control and with or without backup eardioversion/denbrillauon therapy eapabrlrries or 
in a separate, smgle pntpose device. Tire PESP stimulator has particular apphcabon m 
atrial sthnulabon for augmenbng filling of the ventricles. 

A series of PCT pubhcahons including, for example, PCT WO 97/25098 desonbe 
»e applieahon of one or more •■non-excitatery" anoda, or oatboda! simulation pulses to 
„ and maintain mat improvement inLV performance maybe reahaed wrthou. 
caphrnng me heart, In a fiarther commonly assigned U.S. Paten.No 5,800 464, sub- 
Jeshold anoda, stimulation is provided ,0 me heart ,o condifion fire heart to m echamcal,y 
respond more vgorously te me convenfiona, camodal supra-mreaho,d pacmg pulses. 

m.s.vanoussfimu.abonregirnenshavebeenproposedfortbeteeannen.ofheart 

faihne mcludmg CHF which mvolve app.iearion of supra-mreshold and/or sub-fiuesho 
stimulation paired or coupled pacing pulses or pulse bains. Moreover, 
have been proposed for smg.e site and mum-site delivery of me stimulation pulses to one 
' or more heart chamber in me above-refereneed pafente and pubhcafions. However, a. 
mmams diffieuU .o economically detemrine appropriate candidates ma. wou,d benefit 
bom such summation and .0 measure the efficacy of a given 

etecbode array. Extensive catheterization procedures - be conducted of a heart farlure 
patient to determine if be or she is a cand.date for implantation of such . 
be efficacy of any gtven neabnen.mustbe assessed at ,mp,antabon and m P™*^ 
imp.,.,, follow-up clinical tea*. The patien. worh-up and foUow-up tesbng urns. .a. e m,o 
aeln. or simulate Known paben, acbv,hea, paben. posutre, and whether the paben, as 
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to same provided by the pacemaker or ICD Th. «* at.-* P 

present,, hmmde an y ahmu,ah 0 n capabm *s, e. g ., cardiac p L g J ^ * ^ 

devetop data over a longer toe period ■» ta tte clioicaI ^ fta( can ^ 

«be3a m e m an„e r andased to aia ga o S eaeard i aod ysfl ,nc^ in o 1 ud i „ g CHF ,h at 
^ °r -der certain ,„ads and sbesses of da ily nvtag 

^ S - hto P^WeEGM ra oni,o rf o r ^ orfinglilewdiaoeIectro ^ m 

^ ™" ^ ^ - **- * — * assigned U.S. Paf N : 
W3 :l#6 and PCX pubhcabon WO 98/0220P is embodied in me MedbonieO REVEALO 
Insratable Loop Recorder having spaced housing EGM electrodes More elaborate^^^ 
nnp.an,a W e hemodynamic monitors OHMs) for recording me EGM from erodes 
phmed m or abou. me hear, and omer phvaiomgic sensor derived sig na,s, e.g., one or mom 
of blood preasum, Hood gaaes, .emperahne, e.ecbica, impedance of me helnd/or Z 
and paben, achvi* have aiso been proposed. The MedhmucO CHRONICLE6 ^ 

exanm>eof S achamo„ ito r t ha t i S con pI ed to o„ 8 ha 1 eadofme^d™ fa SM 
oommontyaaa.gpedU.S.PatNo. 5,564.434 having capacmve b.ood pressure and 
•emperamre aenaors as „e„ as EGM sense e.eohodea. Such impiantabie monhora when 
rmpianfed m pahems suffering from cardiac arrh ytalias or heart faiiure accumu, 1 ^ 
nd mne stamped dam that can be of nae in detemmmrg the condition of me J^L 
extendi penod of hme and whi.e me paben, is engaged in d aily acbvihes 

M04.949 ma. senses .he bana-moracic hnpedanco as we,, as patien, posture aud provides 
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.record of same «o diagnose and assess the degree and progress.cn of CHF. The sensed 
uans-moraoc impedance is dependent on the blood or fluid content of the lungs a^d 
assists in the detention and muanuf.ca.ion of pulmonary edema symptomanc of CHF. 
Tmns-uroracic nnpedanee is affected by postere, i.e. whete the subject is ,y,ng down or 
.tending up, and the sensed teaus-thoracic nnpedanee is co.ete.ed ,o ,be onepnt of tbe 
panentpoan.tede.ecte,- to mahe a determination of presence of and the degree of 
pubnonary edema for fcerapy delivery and/or phys.otegte date storage d— 

- — in D.S. PatentNo. 5,417,717, ft* « and 
messes level of cardiac taenon men permits a physician to .rbihate the therapy mode, rf 
: py is .nd.cated. The monitor stimulator messes impedance, EGM, and/or pressure 
measurements, and .hen catema.es various cardiac parameters. The results of these 
ateulahons detemrine tbe mode of therapy to be chosen. Therapy may be adn— , 
by .he dev.ce .tself or a control sigrral may be telemetered ,o various penpheral devrces 
led a. enhancing me hearf . Amotion. Altemarively, me dev.ee may be programmed to 
monitor and either store or telemeter information withont delivering therapy. 

Particnlariy, the implantable n— monitors convenhona, parameters 
„f cardiac function and contracrile state, melnding all phases of me cardiac cycle. Tims, 
assessments of conteacflle state measnred include indtees of bom card,ae reUxarion and 

described inU S. Pat No. 4,674,518, me monitor/stimulator mentors cardrae funOonby 

si hemodynamic changes in venteicular fining and ejection or by calculahng 
ZZc Phase .ndices by Known algorifluns. The primary calculauons uavo ve: , the 

i avim nr dV/dt as isovolumic indicators ot 
rime rate of change in pressure or volume, dP/dt or d v /at, 

,„ the .mown quotient of stroke volume divided by end dmstohe volume, (3) Mattel 
lice, E M i (4) regression slope through maxima, pressure-volume pomts as a fl.ri.rer 
ejection phase index of contract^ using the method of Sagawa; (5) stroke wo* 

;;i:,„g « *. ^ ^— — «> - *™ — ° — n 

I diastohc pressure-volume measurements according to the method of Glantz as a 

oflllic function; and (7, cardiac outpu. calculahon according ,o .he known 
product of heartrate and stroke volume as an index of .eve, of globe, taenon. 
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While measurement and storage of this <m»m 

uiagc or mis group of parameters of cardiac fim^«« 

r other parameters teof _ ^ vaJue M .here 
the heart Such momentary changes in autonomic state are caused by postural el 

paten > to are less sensitive ,„ snch patient md 

s.gna, processing o f relahVe.y sh»p,e ,„ measure cardia0 sigMk ^ ^ " 

sMsm m of thb mmnKM 

In accordance with the present invention, an imptaWe sttajIator „„, 
measures a .roup ofparameters indicative of the state of hear, fe i.ure erupting EGM 

CDP - sysrohc P - drasrehc P), and/or dP,dt, and measures of hear, chamber vine (V) 
over one or more cardiac cycles. These parameters hrch.de: (!) rdaxadou or conha 1 n 
nnrc _ (teu); (2) mechmical ^ ^ fc 

heart chanrber * prernarere surnuh apphed re me hear, chamber-, (3) recircCanon hacnon 

(RF), ,.e. doe rare of decay of PES P effect over a series of heart cycles; and (4) end 

systohc elastance (E ES ), i.e., the ranos of end systolic Wood pressure P re volume V 

^-^^P-me^arede^d^o^,^, 

and acnvrty ,eveh However, certain of ,he parameter are o„,y measured or certl of me 

da, are only stored when the pahen, heart rato is regular rad within . nomal ^ 

between programmed lower and upper heart rates. 

Tire imputable stimulator and monitor is operated in a one or more of me 
me_n, modes a*, m some instonces, require dohvery of an exhasyatolic (ES) pulse 
after an extrasystolic intorva! (ESI) ,o induce PESP effects ,ha, are measuL In ,he 
preaen, mvendon, the PESP capability is also ereployed to sh.ng.hen the cardiac 
conhaoon when one or more of ,he MR, RF, „u, and E ES pammetom show ,„a, ,he heart 
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condition has jessed ,o benefit from increased contiacri.ity, decreased relaxarion tone, 
and increased cardiac output fa .fas context, the summation therapy is refen-ed to as 
PESP s*imu,arion or pacing. In accordance with the inventor, the effects of the apphed 
PESP summation tlterapy can be observed over time by entering a hear, function 
parameter measuring .node and gathering the parameter data. 

Preferably, the parameter data is associated with a date and rime stamp and w„h 
Cber patient data, e,g„ parien, activity level, and the associate, parameter data is stored » 
M D memory for retiieva. at a ,a,er date employing conventional telemetiy system. 
Increments, changes in the parameter data over time, tahing any associated time of day 
and parien, data info account, provide a measure of the degree of change m rite oondttion 

" f ^ Te present invention combines these approaches, rendenng a device that detents 
and motrifors levels of cardiac fnnerion and delivers or modifies a therapy on the basis of 

resulting in hnproved conriaetility, relaxation, pressure, or cardiao output 

Theitnp.an.ablesttanlatoraudmoni.orthatiscapaHeofperfonnmgrinese 

Prions comprises an inrplantable pulse generator (IPG) and ,eac .system extend^ mm 
operarive telation wiun a, !eas, one and preferab.y mufaple hear, chambers for electincal 
sensing and stimulation, Wood pressure measurement and chamber volumetiac 

a ,„.»;„„ The ffG has a sense amplifier for each 
measurement during contiraetion and relaxation. The IPO 

bear, chamber of interest ma, is coup.ed tiucugh a lead conductor wuh electtrcal 
lulariorVsense electiodos for sensntg cardiac electifca, hear, signals ongmating m or 
Lveramg tha, hear, chanrher so ,ha, the sense amplifier can detect a P-wave m an.atiral 
nateismgur circuitry for timmg out 

chamber or R-wave in a ventricular chamber. The IPG has timmg try 
atfa, and/or ventiicnlar escape intervals and the ESI of coup,ed or patred PESP 
stimulating pulse(s). The IPG has a pulse generator coupled with a, leas, one 
srimulation/sense e.ectrode for derivermg pacing pulses and PESP —on pnlaea to 
ach hear, chamber of interest The IPG has blood pressure signal proccssmg ctremtiy 
coupled through lea, conductors with a bfaod pressure sensor located m 
Jon in or in operarive relation ,0 each hear, chamber of interest for denvmg bfaod 
pressure P and dP/d, samples. The IPG also has volume detemtmtng cuemtiy coupled 
pressure Pa, Ho „ with eaoh heart chamber of interest for 

with a volumetric sensor located m or m relatron wnn 
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deriving a signal representative of heart chamber volume V The vn , ^ 

*ad or on a ptality of ^ ^ Mj ^ vojMe ~ 
*e mapedance sensor eIectodes dete(s tapedance bawMn « 
nnpedance sense electrodes „ ^ fte **P~ The 

between to separated dectrode. and a» measured ,Wrf u 

^ , measured impedance changes with contracti™ 

and relaxauon of the heart chamber walls. ™ connaCon 

Theunplantableslmntoor and monitor can be embodied into a single chamber 
dua, chamber or mum-chamber rate responsive pacemaker f or provide 
pacmg when mfrmaic sinus hear. ram Ms below a ^ ^ 

ta h^hymmta detection and cardioversion/defibrihabon shoe, delivery capabihu L m 
e.ther case, tachycardia detection and «n«-«achvoamia pacing aa we,, aalalc 
reaynchromzation pacing therapies can also be incomorated 

This summary of me invention and the objecls, advantages and features thereof 
have been presented here simply to p oint out m of fe ways ^ fte 

overcomes dfflcumes present in me prior ar, and ,o dishnguish the mvenhon from the 
pnor ar, and is no, intended m opemte in an y manner as a limhanon on the interpml^ 

granted. 



BRIEF nR^protT^, OF r>R a r.nxt^c 
. These and otor advantages and feamrea of the present invention wi„ he more 

m^y undemtood from to following detailed descriphon of tokened embodiments 
mereof when constdemd in conjunct win, the drawings, in which ,to refemnce 
numerals mdicate idennca, afrucmrea throughout to aevera, views, and wherein- 

FIG , 18 a schemahc diagram depicting a muW-channe,, ahia, and bi-venhicnlar 
mom Wpaomg » in which to present invenhon is preferah, y implemented 

FIG. 2 ,a a simplified block diagram of one embodiment of IPG circuit™ and 
aaaomated leads emplo y ed m to syst em of FIG. 1 eoabhng scledve torap y dehvery and 
heart fadm,a.a te monitoring in one or more heanctamber 
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FIG 3 is a simplified block diagram of a single monitoring and pacing channel for 
deriving pressure, impedance and card.ac EGM signals employed in monitoring CHF and 
optionally pacing the hear, and delivering PESP therapy in accordance with the present 
invention; 

FIGs. 4A and 4B constitute a flow chart depicting the monitoring and therapy 
delivery function of the IMD of FIGs. 1-3, measuring one or more of a group of 
parameters indicative of the state of heart failure employing cardiac EGM srgnals, blood 
pressure P and dP/dt signals and adjusting electrical stimulation therapies accordingly. 

FIGs 5A-5C is a flow chart expanding upon steps of FIG. 4 and depicting the steps 
of deriving tire mechanical restitution MR parameter indicative of the heart failure state 
from certain signals output by a monitoring and pacing channel of FIG. 3; 

FIG 6 is a flow chart expanding upon steps of FIG. 4 and depicting the steps of 
derivingtherecirculation fraction RF par^eter indicative of the heart feilure state from 
certain signals output by a monitoring and pacing channel of FIG. 3 ; 

FIG 7 is a flow chart expanding upon steps of FIG. 4 and depicting the steps of 
deriving the end systolic elastance E ES parameter indicative of the heart failure state from 
certain signals output by a monitoring and pacing channel of FIG. 3; 

FIG 8 is a flow chart expanding upon steps of FIG. 4 and depicting the steps of 

certain signals output by a monitoring and pacing channel of FIG. 3; 

FIG 9 is a graphical illustration of the recirculation fraction in patients wrth 
normal left ventricular function and left ventricular function impaired by dilated 

cardiomyopathy (COCM); ■ 
FIG 10 depicts signals taken during an animal study illustrating the mcreased 
conhactile performance during subsequent heart beats following delivery of extrasystolrc 
stimulation; ^ ^ ^ ^ ^ ^ ^ ^ Ry ^ ^ 

due to the delivered extrasystolic stimulation and tire decay of RV dP/dt signals over 
cardiac cycles following termination of the extrasystolic stimulation; 

FIG 12 is a graphical depiction of tire exponential decay of dP/dt MAX over 
cardiac cycles following termination of the extrasystolrc stimulation deprcted rn FIG. 10; 
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FIG. 13 is a graphical depiction of the signal processing of* 

sto.ula.on depicted fa H G. 10 to yield the RF parameter 

FIG. 14 graphically fl,„ strate fte ^ of ^ ^ 

determined in step S562 in FIG. 5A; 

of relation to ? ig "* *** " ^ "—on 

RV and LV fa! def T" ^ " ^ *" * ta «P - 

^tTG 17 ^ m 111 a e w mdow of FIG. 15 in a normal animal heart; 
17 depK * ^8™* « k ™ during the animal atudy of FIG 16 ,'■,„*„« * 
relationship of RV and EV fan detetmfaed in a time wfadow of «G 15 fa t 
fonowfagdm^eatmentfaenhaneecon^^andm^ol "^^^ 

FIG. IS „ a graphical depletion of measured left ventricular FV loops during a 
modrficarton of prefaad with end systoUc FV pofa. sho „„ at fte upper J ^ 

of FIG m d " 3 r UCal dePW °" ° f 3 " Mar re8IeSSiM ° f "* ^ ™ points 
or FIG. 18todenvetheslopeoftheLVE ES ; 

n °' 20 iS a Action of measured left ventricular FV loops during 

normalhear,ft,nc«onwifaend S y s ,oBcFV p oin Ks howna t the„pp erlefi . 

of FIG T ^ " S r PUCal dePirt ° D ° f ° ^ re8KSSi0 " ° f ^ - ^ ^points 
of FIG. 20 wherem the determination of slope of the LVEgg is not reliable' 

FIG 22 depicts the relationship of heart chamber EGM, pressure, flow, and 
volume dunng a heart cycle; and 

FIG 23 depicts fae dehvery of therapeuhc PESP stimulation, particulariy p acin2 

energypulsehamacommenceddtuingthereftacto^periodoftheheL, „ 

a PESP delivery interval. * P ^ md c °-"™tg for 

embed f 8 deMed deSCriP&n ' " — * » 

mbo^ t, for carrying ou, Ihe invention. It is understood tha, other embodiments may 
be unhzed wdhottt departing from the scope of the invention ? 
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Before describing the preferred embodiments, reference is made to FIG. 22 
reproduced from the above-vefereneed '464 paten, which dep,cts the electee*) 
depolarizer waves attendant a norms, sinus rhythm cardiac evele in relation ,o the 
flucurauous in absoluteblood pressnre, aorric blood flow and ventneulav volume ,n Are 
.eftheart The right atria and ven«ric.es exhibit roughly smrilav pressure, flow and volume 
fluctuahons, in relation to the PQRST complex, as the left atria and ventricles, I. . 
understood that the monitoring and summation flrerapy aspects of this invention may 
re s,de and ac, on either or bom sides of.be heart. The eardrac cycle is competed I m rite 
interva, between successive PQRST ccmp.exes and Mowing relaxation of to atria and 
ventricles as the right and left ahaa re-frll with venous blood and oxygenates lood tr 
smus rhythm, the mterva, between depo.arizations may be on the order of 500.0 ms to 
, OOCOmaforaeorrespondhrgsmnsheartrateof 12 0 bpm to 60 bpm, reapeebvely. In 
L rime nrterval, the aula and ventricles are relaxed, and overafl ahial S1Z e or voHun may 
v a,y as a funchon of pleura, pressure and respiration. U the Mood pressure dtagrama of 
nO ?2, itmay be observed that the atrial and ventricmar b,ood pressure changes trade 
and lag the P-wavea and R-waves of the cardiac cycle. The time period T 0 -T, 

« K n. SA node or AV-bloch, atrial and/or ventricular — 

prescribed ,o restore a sufficient heartrate and AV synchrony. In HQ. 22, fot example 

QRS complex commonly referred to as flue R-wave. Catdiae output may be re need b 
1 inability of the ahaa, or ventricular myocardial cells to relax fohowmg aUral (T 0 -TO 
arid vernacular ( Tl -T 2 ) systolic periods. Frolonged ayatohc rime periods reduce passive 
flUing time T 4 -T 7 as shown in FIG. 22. Thus, the amount of blood expelled from the 
atria and/or venules in rite next cardiac cycle may he less than optimuna Thra , 
particularly the case with CHF patients or other pahents m whom fire stress of.be heart 
I mereased, cardiac rifling duririg me passive filling phase ( T 4 -T 7 ) and during ahaa, 
systole ( T 0 -Ti) is significantly limited. 

It will be appreciated from the following description that the monitor/therapy 
delivery IMD of the present invent may be utilized to obtain the aforementioned 
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s„ of heart f aihre ^ oan ^ ^ kto accomt ^J^Zt 

Awatart, an embodiment of the tavention '„ djsclosed ^ 
Pac^ s^en, « „ modified t0 derfve fc ^ 
p._ ntdteahve of cardiac m „ dystaotion fcm ^ ^ 
and e ectrtca, s « on slsotrodes looated „ ^ J*- 

«. and H -™« cute , padng sysfem ^ ^ 

and tiered pacnr g for r esronn g s y nchron y ta depofcnzanons and contac&a 

operate as a two, teee or four channel pacing s ys fent having an AV synchronous ' 

system described Wow oan be „ y pr„„ to ^ „ piysj J J 
mcorporated ,n,o a smpl er, sin gl e chamber, momtoHng/smnuhmon ava^ fo^g 
tie parameters famcative of heart fail,,,, state. °roenvmg 

.eft -J" ^ ' T 10 MUdeS *" ^ ^ * e -*» «A) and 

eft atnnn ; (LA), and me ,ower heart chambers, the right venbiCe ( EV > and « ve L* 

atna to form the ^a, vein that exte „ ds ^ ^ J 
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great vein. The cardiac cycle cogences normally with the generation of the 
depolarise impulse at the S A Node fa the right atrial wall. The impulse men conducts 
fcottoh the right atriun, hy way of Intetnoda, Tracts, and conducts to the left atria, septum 
by way of Baclunann-s Bundle. The RA depolarization wave reaches the Atrio-ventiaeular 
(A V) node and the atria, septum within ahou. 40 .usee and reaches the furfttes, wafts of the 
RA and LA within ahont 70 msec. Approximate 50 ms following Cectrical activation, 
,he atna contract The aggregate RA and LA depolarization wave appears as tire P-wave 
of the PQRST complex when sensed across externa, ECG electiodes and displayed. The 
component of the atria, depolarization wave passing between a pah of unipolar or brpolar 
pace/sense electiodes, respectively, located on or adjacent the RA or LA is also referred to 
as a sensed P-wave. Although tire location and spacing of the extern,, ECG electrodes or 
implanted unipolar atria! pace/sense electrodes has some influence, me normal P-wave 
widtit does no, exceed 80 msec in width as measured hy a high impedance sense amphirer 
eoupled with such electrode, A norma, near f,e,d P-wave sensed between c,ose,y spaced 
bipolar pace/sense electrodes and ,ocated in or adjacent me RA or tire LA has a wtdth of 
„o more than 60 msec as measured by a high impedance sense amphfter. 

The depolarization impulse that reaches the AV Node conducts down the bundle of 
His in me intraventricular septum after a de,ay of about ,20 msec. The depolarizanon 
wave reaches the apica, region of the heari about 20 msec ,ater and is then travels 
supenorly titough tire Purhhtje Piber netwo* over tire remaining 40 msec. The aggrega, 
RV and LV depolarization wave and the S ubse„uen, T-wave 

of the depolarized myocardium preferred to as the QRST portion ****** «*" 
cycle complex when sensed across externa, ECG elecnodes and displayed. When the 
amplitude of the QRS ventricular depo,arization wave passing between a btpolar or 
unipolar pace/sense elechode parr located on or adjacent ,0 tire RV ot LV exceeds a 
JL* amplitude, ,t is detected as a sensed R-wave. Although the ,ocation an spacmg 
of the extenra, ECG electrodes or implanted untpolar venufcular pace/sense eleotiodesha, 
some htfluence on R-wave sensing, me norma, R-wave duration does no, exceed 80 msec 
as measured by a high impedance sense amplifer. A norma! near fteld R-wave sensed 
between c,ose,y spaced bipolar pace/sense electrodes and ,oea,ed in or adjacent tire Rt 
the LV has a width of no more than 60 msec as measured hy a high impedance sense 
amplifier. 
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n „ „ '-Hi' and exhibiting Intra-atnal conduction delay OACD1 r .» 

Bundle Branch Block fl rpr\ r> - „ y ^^ u )> 

n mock (LBBB), Right Bundle Branch Block (RBBB), and/or 

Iim_u,ar Condnction Delay (TVCD, These conduction defei give L to M 
^ta.ybe^eenRVaotivationandLVactivation.Ln^ .^11 
range from SO to 200 msec ot .onget. In RBBB and LBBB pati H ^7, 
widened fat beyond the norma, range ,„ between , 20 msec and ^o' " 
snrfaceECG. 1M, increased wan, „ 1 20 msecand «0 msec as measured on 

ihia increased width demonsteues the lack of synchrony of the right and 
left ventiacular depolarizations and contractions. "nghtand 

noted tiT f alS ° dePi ° G " taP,anted ' -«**-«• P—ta of die above 

chambers and stmultaneous or sequenti,, pacing of tine right and m ventric.es The 

ndt L v T 1 ' ^ M M — ' " TO - M * - *e RV 

and fl LV, , y . ^ ]ead ^ a( teMt ^ eiKWoa] 

ode, and a remote indifferent can e,ectiode 20 is fomred as par, of the ol JZ 

™ ^.r 6 " ^ ^ *"~ * —odes ^ 

the remote mdriferen, can e.ectrode 20 (IND.CAN e.ectiode) can be S e,ec«ve, y emp.oyed 
to prov.de a nnmber of „nip„,ar and bip„,a r pace/sense Strode combinations fa^T 
and sensmg Amotions. The depict positions in or aboa, tire right and ,efl heart ed 
are rflao me re ,y exempt Moreover other ,eads and pace/senee erodes 
instiead of the depicted ,eads and pace/sense Cectrodes ma, are adapted ,o be placed I 
electrode site on or in or relative to me RA, LA, RV and L V. 

The depicted bipolar endocardial RA lead 1 6 is passed through a vein into die R A 

n atiachmentmechanism I7 . Th e bipo,ar endocardia, RA lead «„ f om ,ed with an hi 
W connector ,3 fitting into a bipo,ar bore of !PO connector Mock ,2 ma, is coupled to a 
pan of e ectiroafly insured conductors within ,ead body ,5 and connected w it h d i « p 
RA pac, S enae e,ecti,de „ and proxima, ring RA paceW Cecti-ode 2L Detiv^ 

^ pace pulses and sensing of ati.a, sense events is effectod between tire dlatifl ^ 
pace/sense e.ectiode ,9 and proximal ring RA pace/aence electrode 2,, wherein the 
proxnna, rang RA pace/sense e.ectiode 2 , timctions aa an indifferent Cectiode ^ 
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Alternatively, a unipolar endocardial RA lead could be substituted for the depicted bipolar 
endocardia] RA lead 16 and be employed with the IND_CAN electrode 20. Or, one of the 
distal tip RA pace/sense electrode 19 and proximal ring RA pace/sense electrode 21 can be 
employed with the NDCAN electrode 20 for unipolar pacing and/or sensmg. 

Bipolar endocardial RV lead 32 is passed through the vein and the RA chamber of 
the heart 1 0 and into the RV where its distal ring and tip RV pace/sense electrodes 38 and 
40 are fixed in place in the apex by a conventional distal attachment mechamsm 41. The 
RV lead 32 is formed with an in-line connector 34 fitting into a bipolar bore of IPG 
connector bloclc 12 that is coupled to a pah of electrically insulated conductors within lead 
body 36 and connected with distal tip RV pace/sense electrode 40 and proximal ring RV 
pace/sense electrode 38, wherein the proximal ring RV pace/sense electrode 38 functions 
as an indifferent electrode (FNDRV).. Alternatively, a unipolar endocardral RV lead 
could be substituted for the depicted bipolar endocardial RV lead 32 and be employed 
withtheIND CAN electrode 20. Or, one of the distal tip RV pace/sense electrode 40 and 
proximal nng~RV pace/sense electrode 3 8 can be employed witt the IND_CAK electrode 

o 0 for unipolar pacing and/or sensing. 

in this illustrated embody a unipolar, endocardia. LV CS lead 52 is passed 
ttaoug h a vein and the RA chamber of the hear, 10, into the CS and rherr hrfenorirv in a 
branching vessel of .he great vein 4S to extend the dista. LV CS pace/sense . *** 00 
.,„„ g side the LV chamber. The distal end of sneh LV CS leads is advanced tough the 
snperior vena cava, dre right atrium, the ostium of the coronary sinus, me coronary sums, 
and into a coronary vein descending from me coronary sums, such as the great vem. 
Typtcally LV CS leads and LA CS leads do not employ any fixation mechamsm and 
instead rely on the close confinement within drese vessels to maintain the pace/sense 
elechode or electrodes a. a desired site. The LV CS lead 52 is fomted with a small 
diameter single conductor lead body 56 coupled a, the proximal end connector 54 fitttng 
into , bore of IPG connecter bloch 12. A small diameter unipolar lead body 56 ,s selected 
in order to lodge the distal LV CS pace/sense elechode 50 deep.y in a vein branchmg 

inferiority from the great vein 4S. 

Preferably, the distal, LV CS active pace/sense electrode 50 is patted wrth dre 
proximal ring RV indifferent pace/sense electtode 38 for delivenng LV pace pulses across 
the bulL of the left ventricle and the intmventricular septum. The dista, LV CS acttve 
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pace/sense electrode 50 is also preferably paired with the distal tin W * 

M01 — ■ in ' *» *— —tent, LV CS iead 52 cou.d be„ . proximal 
CS PSCe/SmSe along .he ,ead body to lie fa tager ~ 

decncauy ^ ,ead conductor extending p roxu na„ y ftom to _ ^ 
CS pace/sense e,ecftode ( s) and terminating in a bipo,ar connector 54. Tbe LV a W 
body w„u,d be amaner between the proxima, LA CS electrode and the diste, lv C S H 
paceW Strode 50. !n tira, ease, pacing of the HA would he accouche. ^ 

ka inditieient pace/sense electrode 21 . 

Really, i„ pacing systems of the type ifctrated in FIG. 1, the ekctrodes 
deatgnated above as >ceW electrodes are used for ho* pacing and sensing 
Who In ^ ^ _ ^ of ^ ^ ^ 

elechodea can he seiected ,„ he used exclusively as pace or sense e.ectrodes or to he used 
tn common as pace/sense electrodes in progrannned combinations for sensing canliac 
^aanddeHver^gpacepniaesatongpacingan^^^.^^^ 
mdrfleren, pace and sense e,.ctrodes can atao he designated in pacing and sensing 
functions. For convenience, the Mowing description separate* designate^ ^ 
senae electrode pairs where a distinction is appropriate. 

In addition, as described further below, each of the ,eads could cany a ptessure 
aenaor for developing systolic and diastolic pressures and a series of spaced apart 

ZT ' T* 1CadS ***** V ° W,ri0 m — ° f *» -d 
contraction of the RA, LA, RV and LV. 

FIG. 2 depicts a system architecture of an exemplary multi-chamber 

monitor/sensor !00 hnp,anted into a panenfs body ,0 tha, provides deuv M y ofa therapy 

and/or phya.ologie input signa, processing. The typica, muiti-chamher monitor/sensor 100 
has a ^ archltectee flu , , s c _ d abou( a ^^^ ^ ^ 

titntng system ,02 which varies in sophistication and company depending up„„ me w 
and muctional featiues incorporated therein. The fcnodons of *" 
multi-chamber monitor/sensor contio! and timing system m are 
and programmed software aigorithms stored in RAM and ROM including PROM and 
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EEPROM and are earned out usmg a CPU, ALU, etc., of a typical microprocessor core 
architecture. The microcomputer-based multi-chamber momtor/sensor control and toning 
system 102 may also include a watchdog circuit, a DMA controller, a block mover/reader, 
a CRC calculator, and other specific logic circuitry coupled together hy on-chip data bus, 
address bus, power, clock, and control signal lines in paths or trees in a manner well 
known in the art. It will also be understood that control and timing of multi-chanrber 
m omtor/sensor 100 can be accomplished with dedicated circuit hardware or state machine 
logic rather than a programmed micro-computer. 

The multi-chamber monitor/sensor 100 also typically includes patient interface 
circuitry 104 for receiving signals from sensors and pace/sense electrodes located at 
specific sites of the patient's heart chambers and/or delivering PESP stimulation to derive 
heart failure parameters or a pacing therapy to *» heart chambers. The patient interface 
circuitry 104 therefore comprises a PESP stimulation dehvery system 106 optionally 
including pacing and other stimulation therapies and a physiologic input signal processing 
circuit 108 for processus the blood pressure and volumetric signals output by sensors. 
PorpurposesofiUustranonof^^ 

are depicted for making electneal connections between me tiierapy delivery system 1 06 
and the input signal processing circuit 103 and sets of pace/sense electrodes located m 
operative relation to the RA, LA, RV and LV. 

The therapy delivery system 106 canbe configured to include circuitry for 
delivering cardioversion/defibrillation shocks and/or cardiac pacing pulses delive^d to tire 
h eartorcardiomyosti m ulationtoaskeletalnmsclew,appedabouttheheart. Orthe 

therapy dehvery system 106 can be configured as a drug pump for dehvenng drugs mto 

tire heart to alleviate heart failure or to operate an im plantable heart assist devrce or pump 

implanted in patients awaiting a heart transplant operation. 

A battery provides a source of electrical energy to power the multi-chamber 

m onitor/sensor operating system mcludmg the cncuitry of multi-chamber mom^ 
!00 and to power any electromechanical devices, e.g., valves, pumps, etc. of a substance 
delivery multi-chamber momtor/sensor, or to provide electneal stimulation energy of an 
ICD shock generator, cardiac pacing pulse generator, or other electrical stimulation 
generator. The typical energy source is a high energy density, low voltage battery 36 
oupled with a power supply/POR circuit 126 having power-on-reset (POR) capability. 
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system 106 Not all of JT ^ ^ ^ t0 ^ ^ 

JNot all of the conventional interconnections of these voW a ■ 
shown in FIG. 2. voltages and signals are 

M addition, in certain multi-chamber monitor/sensors, an andible patient ale* 
warning or message is generated by a transducer 128 whe. *■ u 
1 18 to advise of device operations batte * ^ alert «ver 

resting position prior to delivery ° * e ^ '° — = » 

tg ital logic ICs that requne a clock signal CMC provided by a 
procure cryata, 132 and system Co* I22 co„ P ,=d thereto aL, as d ^ete 
-rponents, e.g., inductors, capacitors, transfers, high vo,ta g e protection ^des and 

ogrc via a clock tiee. The system dock 122 provides one or more feed frequency CLE 
signal that „ mdependen, of tire hatiery voltage over an operating hattory XI Z 
sysrenr anting and control fcnctiona and in formatting uplhrk JL*y £" " " 
transmissions in the telemetry I/O circuit 124. 

ac« J*T" regiSteS ma3 ' be USed "** *•» ft ™ — eardiac 

downdmk to emetiy transmission. The criteria for triggering da, storage can a ,so he 
Programme* m via downlink tolemetiy toansmittod initio, and paLter vll THe 

- rage is either tiiggered on a periodic haais or hy detoction logic within the 
Physiologic mpn, srgnal processing circuit 108 upon satisfaction of certoin programmed • 

magnetic tield sensitive awitoh 130 the, Coses in response to a magnetic tield, and * 
Cosure causes a magnetic switch circm, to issue a switch Cosed (SC, sign,! to contio, and 
timm g system 102 which responds in a magna, mode. Kor e X amp,e, tire" tien.m y hi 
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provided with a magnet 1 1 6 that can be applied over the subcutaneously implanted multi- 
chamber monitor/sensor 100 to close switch 130 and prompt the control and timing system 
to deliver a therapy and/or store physiologic episode data when the patient experiences 
certain symptoms. In either case, event related data, e.g., the date and time, may be stored 
along with the stored periodically collected or patient initiated physiologic data for uplmk 
telemetry in a later interrogation session. 

In the multi-chamber monitor/sensor 100, uplinlc and downlink telemetry 
capabilities are provided to enable communication with either a remotely located external 
m edical device or a more proximal medical devrce on the patient's body or another multi- 
chamber monitor/sensor in the patient's body as described above with respect to FIGs. 1 
and 2 The stored physiologic data of the types described above as well as real-trme 
generated physiologic data and non-physiologic data can be transmitted by uplmlc RF 
telemetry from tire multi-chamber monitor/sensor 100 to the external programmer or other 
remote medical device 26 in response to a downlink telemetered interrogation command. 
The real-time physiologic data typically includes real time sampled signal levels., e.g., 
intracardiac electrocardiogram amplitude values, and sensor output signals. The non- 
physiologic patient data includes currently programmed device operating modes and 
parameter values, battery condrtion, device ID, patient ID, implantation dates, device 
programming history, real time event markers, and the luce. In me context of implantable 
pacemakers and ids, such patient data includes programmed sense amplifier sensitive 
pacing or cardioversion pulse amplitude, energy, and pulse width, pacmg or cardioversron 
lead impedance, and accumulated statistics related to device performance, e.g., data 
related to detected arrhythnna episodes and applied therapies. The mum-chamber 
m onitor/sensor thus develops a variety of such real-time or stored, physiologic or non- 
physiologic, data, and such developed data is collectively referred to herein as "patrent 

data' 5 . j , 

The physiologic input signal processing circuit . 08 therefor, mcludes a, least oue 

electrica. signal amplifier circuit for employing, Pressing and in some eases detecturg 

sense events iron, characteristics of the electrical sense signal or sensor output signal. The 

physiologic input signa, processing circuit 108 in nudti-chamher monitor/sensors 

providing dual charuber or multi-site or urulti-chanaher monitoring and/o, pacmg frmcpons 

taeludes a pluralhy of cardiac signal sense channels for sensing and processing cardrac 
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mg system 1 02. Timing and control system 1 02 responds m 
accordance with its particular operating system to deliver J™*-* 

Marker CW...1/S ■ , • telemetry transmission or to provide a 

Marker ChannelO sigi.al m a variety of ways known in the art. 

In addition, the input signal processing circuit 108 includes at least one nhv ■ i ■ 

channel! & ^^-Pa^s^a.dp^^ 
chaimelmrelationtooneheartchambe, A pair of pace/sense electrodes 140 142 a 
ress.e s 160 and a pmrality, e.g., four , impedance measuring elects 17 0 172 
1 74, 176 are located m operative relation to the heart chamber. 

The pair of pace/sense electrodes 140 142 arr Ur-^A • 

<aoo i W , IHZ are i oca t ec } in operative relation +t,~ 

^^^^^^^^ I44andl46 ; espectiv ^ - 

sense antphfier 148 is salec«ive Iy anabbd by the _ of a m " 

preserved tn— when pacrn g is either enabted or net enab.ed as described be,owT 
trance t„ fte of fte ^ ^ 

« b y tol md ^ ^ , ^ ^ deiiyeiy ^ ^ J J 
pulse rtatn to dr_ fte ^ lmpIjfler inputs fom to M ^ - 

, enabied and is ne, bianfcc, i, senses the eiectricat signais ef tae heart, re J, to . le 
g ™ * 6 ^ — * P-ides a sense even, signa , <j£ 

EOM. typreany the P-wave when the heart chamber is the RA or LA and the R. 
wave, when the heart chamber is the KV ™- t v • 

the RV ° l LV ' m a manner well known in the pacing art. 
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The control and tuning system responds to non-refectory sense events by restarting an 
escape interval (EI) timer timing out the EI for the heart chamber, in a manner well known 
in the pacing art. 

The pair of pace/sense electrodes 140, 142 are also coupled through lead 
conduct*, 144 and 146, respectively, to the output of apulse generator 150. The pulse 
generator 1 50, within PESP/pacmg delivery system 106, selectively provides a pacing 
pulse to electrodes 140, 142 in response to a PESP/PACE trigger signa, generated at the 
toe-out of the EI timer within control and tinting system 102 in a manner well known m 
die paoing art. Of, the pulse generator 150 Actively provides a PESP pu!se or pulse 
(rain to electrodes 140, 142 m response to a PESP/PACE trigger signal generated a. the 
time-out of an ESI timer within control and tuning system 102 in the manner described m 
(he above-referenced '098 patent to cause the heart chamber to contract mote forcefully, 
die increased force depending upon the duration of the ESI. 

The pressure sensor 160 is coupled to a ptessure sensor power supply and signal 
processor 162 within die input signal processing circuit 10S through a set of lead 
Inductors 164 that convey power to thepxessure sensor 160 and sampled blood pressure 
P signals from the pressure sensor 1 60 to the ptessure sensor power supply and srgna 
processor 162. The pressure sensor power supply and signal processor 162 samples the 
Lodpressure impinging upon a transducer surface of the sensor 160 located wmrrn 
lK art chamber when enab.ed by a pressure sense enab.e signa, from the control and timing 
system 102. Absolute ptessure P, developed pressure DP and pressure rate of change 
dP/d, sample values can be developed by the ptessure sensor power supply and sigrral 
processor 1 62 or by tire control and timing system 102 for storage and processing as 
ascribed fur,herbe,ow. Thepressure sensor 160 and .pressure aensor po wer supp ^ 
sig „„ processor 162 may take the form disclosed m commonly asstgnedU.S. PatentNo. 

5 ' 564 ' 4 Tle se, of impedance electrodes 170, 172, 174 and ,76 is coupled by a set of 
conductors 178 and is formed as a lead of the type descnbed in the above-referenced 
paten, that is coupled to the mrpedance power supply and signal processor ISO 
Cedanee-baaed measurements of cardtac parameters such as shake volume are I— 
Jar. as described in the above-referenced '417 paten, which discloses an mrpedance ,ead 
h avmgplura, pahs of spaced surface electrodes located within the heart chamber. The 
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spaced apart electrodes can also be di^ i 

~* e. g ., fte ^ : : m ^ ^ fa 

heart chanrbe, inJZt U T " ^ '° *" q *~ ta ' — *• 
— bearing ,ead. " ^ "» *" I-*™ and,or preaaar, 

and hear, nnrsde wMci varfes „ * IT *"* ^ 

the ca,cu,a ti on of fce hMrt chimber *"»*■ — ^s, 

conhacdon and relaxadon of the heart chamber J' a ° CC '" S """^ *" 

^^and^apartCnCXd^rrrtT^^^ 
flow of M ood on, of and men into Z heart ^ 7 "T" ^ 

dtvtded into the prodact of h,ood tesisdvuy fa es ^ ' 

pairs of spaced electrode fh~ r 1+ • ^stance between the 

uic staie ot heart failure employing FG1W eim,^ 

nn C rooo mp n ter ba S edoonno,a„d fai n g s ystem 102. FIOs SA 5C ' ! *7 

steps of deriving fteRF MR E„o ,~» ' ' 8 ^ «" 

Kr, MR, E ES , and ten parameters indi(ative of ^ ^ tf 

ft*» These parameter* « determined periodica.* throughoe, each da, regards „ f 
padenrpostureandacdvity. However, me parent may be advised b y me J^Z 

nutate the defcrmtnatton of the parameters though ttae of a magae, or a totted ftmcl 
programmer that is detected bv the IMn r M ■ c , nmirea rnnctton 

0y Ore IMD. Certatn of me parameters are only measured or 
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certain of the parameter data are only stored when the patient heart rate is within a normal 
sinus range between programmed lower and upper heart rates and the heart rhythm rs 
relatively stable. The parameter data and related data, e.g., heart rate and patient activity 
level, are date and time stamped and stored in IMD memory for retrieval employing 
conventional telemetry systems. Incremental changes in the stored data over time provide 
a measure of the degree of change in the heart failure condition of the heart. 

FIG. 4 illustrates the overall IMD function from the time of implantation (step 
S400) and initial programming (steps 402) and baseline parameter measurements (step 
S404) through successive cycles of gathering parameter data m tire IMD (steps S406 - 
S420), uplink telemetry transmission of the accumulated data to an external programmer 
(step S422) for display and analysis (step S424), leading to possible reprogramming (step 
S402) and baselrne parameter measurement (step S404) to better assess the heart failure 
state 

^ Each parameter may be programmed ON or OFF, and a particular event trigger for 
starting measurement of the programmed ON parameter as well as any specific 
measurement criteria can be programmed in step S402 using conventional downknk 
telemetry transmitted commands that are received in the telemetry transceiver 124 and 
forwarded to the control and timing system 102. 

m addition, tire physician may initially program the IMD to deliver a stimulation 
therapy e g periodically delivered PESP stimulation in accordance with tire above- 
referenced ^098 patent or sub-threshold anodal stimulation (AS) in accordance with the 
above-referenced M64 patent in order to enhance cardiac function after step S402, for 
example Tire physician can then later reprogram the therapy based on the accumulated 
and analyzed parameter data and any indication therein that the heart failure state rs 
changing or notrespondmg to tire stimulation therapy. Alternatively, the physrcran can 
prescribe a drug therapy and later adjust the drug therapy based upon the accumulated and 
analyzed parameter data and any indication therein that the heart failure state is changmg 
or not responding to the drug therapy. 

The baseline parameter measurements are optionally performed for each 
programmed ON parameter by invoicing the steps of FIGs. 5A-5C, 6, 7, and/or 8, uplink 
telemetering the parameter data and analyzing the uplink telemetered data n following 
mrplant and following subsequent telemetry sessions. The initial and updated baselrne 
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parameter measurements can be stored in th P TTvrn 

forth in steps S406 - S4I2. a, even, criteria ~ y * D ' OTtena ™ « - - 

muWple toes „, every day or specjfed *** ^ te ■ I"*—* toe or 

h « ^ . m a nonMl rage and , ^ with;n a ^ ^ « to 

steps S408 - S412 m a manner well known in to art. The measurement of the particular 
parameter corresponding to to satisfied even, eriteria tehes place in step S4 4 « T, 

criteria are not satisfied in step S412. 

The heart rate and/or ste bi I ify oonnnues to be 
S4 u. an 4. p _ fta( k oonmenced fa P 

aborted „ to heart rate and/or s« % changes suoh to, to hear, % ^ 

heeome no ■onger saosHed in step S412 hemre to parameter measnremen, steps T 
mpleted. The eom pl e,ed parameter _en, date is stened in IMD memo, wi* . 

S413. Steps S406 toough S41 8 are repeated each rnne to, to even, 
part.on.ar parameter measnremen, are satisfied anni to process is interrupted h y into^ 
of a teWhy session by to phytoto and up,h* tehemeny Emission of to 
aoe, m „,a,ed parameter da,a in step S422. The history of to nnmher, toes and dates of 
_ve parameter n_en,a can aiso he stered in IMD memory, b „, to stored 
P_ date and relate, date may he Warded on a FIFO hasis if to memory capacity 
ass,gned,o such date storage is exceeded. V 
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Collection of MR Parameter Data: 

The MR parameter is believed to be a useful indicator of tire state of heart failure 
and can provide an indication of the state of progression or regression of the heart failure 
through the comparison of MR parameter data collected over time. 

The time constants for systolic and diastolic MR provide indirect evidence regarding the 
sarcoplasmic reticular (SR) function. Systolic restitution is dependent on the release of 
calcium from the SR and diastolic restitution is dependent on tire uptake of calcium by the 
SR. 

FIGs. 5A-5C depict the steps of determining the MR parameter in step S414 of 
FIG. 4 rn paced heart cycles to ensure steady rate and rate stability. Alternatively, another 
embodiment of mis invention relies on a stable intrinsic rhythm for all but the ESI beats ox- 
relies entirely on intrinsic rhythms and spontaneous ectopy for an analogous determination 
of the MR parameter. Further, although this embodiment relies on pressure as a 
hemodynamic variable, another embodiment relies on a parameter derived from the 
volume signal. FIGs. 5B and 5C depictthe steps S510 for detenmning dP/dtMAX (SS) 
and dP/dt MIN (SS) and/or RVDP (SS) (RVDP = RV systolic pressure - RV diastolic 
• pressure) within a reference steady state (SS) paced heart cycle and S534 for determining 
dP/dt MAX (ES) and dP/dt MIN (ES) and/or RVDP (ES) within a ESI paced heart cycle 
ofFIG 5A in greater detail. When the MR parameter measurement is entered, it is 
necessary to determine the intrinsic EI in steps S504 and S506. In step S508, a pacing EI 
is calculated that is sufficiently shorter than the intrinsic EI to overdrive pace the heart 
chamber, and the initial, shortest, ESI is calculated as a fraction of the pacing EI or is 
determined during the initial baseline programming and measuring steps S402 and S404. 
The ESI rs generally chosen to be as short as possible but to exceed the refractory penod 
of tire heart chamber that takes place as the cardrac cells repolarize following a preceding 
pacing pulse. 

The ESI is incremented in step S554, and steps S5 10 shown in FIG. 5B and S534 
shown in FIG. 5C are repeated to derive a series of sets of dP/dt MAX (SS) and dP/dt MIN 
(SS) and/or RVDP (SS) values and dP/dt MAX (ES) and dP/dt MIN (ES) and/or RVDP 
(ES) values until the ESI becomes close in length to the pacing EI as determined m step 
S556 Each repetition of steps S51 0 through S552 is separated by a rest interval, e.g., 15 
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seconds, as determined in steps S558 and «?s«n t n « 

stabilize. S56 ° t0 alW 016 mechanic ^ W function to 

withm a reference paced heart cycle of a series «M» nf „ . ^ 
M- 8, in FIG 5B and the „ t ■ of paced heart cycles. For example, 

, riKj. and the determination of dP/dt MAYrc^ j , 

S510 is made in the 6th heart cycle a, t , T ^ ' ^ (SS) ° f Ste ? 

neart cycle as set forth m steps S512 through S526 of FIG SR 
The pacmg EI determined in sten <3<;ns i B *i a B ' 

n steps S514-S516. A pace ptUse count is incremented instep S51 8 The 
currant pace pulse count is examined in steps S520 «r> 
S524 arc repeated ^ ^^^..T^^^- 4 ^ 

b od pressure P, and dP/d, vaiues toroughou, toe 6to near, cyc,e. Altemauve^ 
saurpled h.ood presame ,. and mdt ^ ^ fa fa ^ ^ ^ 

provide to! P0WK SUPP,y ^ ^' ~ '« " « 'onger enaoled to 

^ P '^^'^^^'-^aeoutouUedWoodpresaareP 
and dP/d, vatoes are no, used to stop S528 when fte _ pulse / P " 

*W m step S522. ^ KVOP, dP/dtMAX (SS) ^ ^ ' 
determmed m step S530 and temporarily stored in sttp S532 

8th hearT ? ,eimi ?° n ^ "** (ES) md *"* «" «"*> «34 after toe 

8 th he*, cyde » set forth to steps S536 through S552 of FIG. SC. The toiha, ESI 

calculated at step S508 or toe incremented ESI calctoated to step S556 of HQ 5A is toned 

out m step. S53o and S538. The ES pulse is delivered to step S540, and toe ptestl 

Zr P ° WCT M T md Si8nl ' ~ 1 62 ^ ^ * — - ^ Ir 
blood pressure and provide toe P and dP/d, signal ,o conuto and toning system 102 L 

that is timed out in steps S544 S546 and <!S4R ti. a *™ 

*> cofo and i>548. Then, the RVDP, dP/dt MAY i'PQ'v -,,,,4 

oP/,h™ (E s ) va,uesaredeter m i„edtos,epS 5 30andtem P orari 1 yslrZ:2 
Then, toe MRparameter value to^ for toe initial or incremented current ESI is' 
determined and stored to IMD memcy in step S562. Eirst, each of toe dP/d, MAX (ES) 
vetoes determmed fa step S550 for each cycle is normalized with respect to toe P/dtMAX 
(SS) determmed m step S530. and each of toe dP/d, MIN (ES) vetoes determined fa ateT 
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S550 for each cycle is normalized to the dP/dt MEN (SS) determined in step S530. For the 
systolic function, normalizing is effected by dividing dP/dt MAX (ES) by dP/dt MAX 
(SS) and multiplying the result by 100. 

For the diasystolic function, normalizing is effected by dividing dP/dt MTN (ES) by dP/dt 
MiN (SS) and multiplying the result by 100. Systolic pulse pressure P and/or developed 
pressure DP can be normalized in the same manner, if the SS and ES values are also 
collected in steps S532 and S550. 

Then, steps S510 through S554 are then performed using the initial ESI to 
determine the initial MR value tc nlrc . FIG. 14 graphically illustrates the tc nirc of the 
normalized dP/dt MAX (ES) determined in step S562 in FIG. 54. After calculating all the 
normalized values for systolic and diastolic function, the diastolic and systolic time 
constants (tc nirc ) are determined in step S562 using the following equations: 

Mechanical Restitution: 

RVDP or dP/dt MAX = CR max * { 1 -exp[(ESIo - ESI)/tc nlIC ] } ; 

or when plotted as shown in FIG. 14: 

Y = CR max * {l-exp[(ESI 0 - X)/tc mTC ]'} 

Where: 

RVDP or dP/dt MAX is the normalized value 

CR m ax is the ™ aximal (P^teau) of the contractile response 

ESI 0 is the smallest ESI that produces a mechanical response ("initial ESI") 

tc mrc is the time constant of mechanical restitution 

Relaxation Restitution: 

Early phase including data up to the "basic cycle length" (paced rate): 
R n = (K 0 - K a ) * {exp[(ESI 0 - ESI)/tc R1 ]} + K a 

or when plotted as shown in FIG. 14: 

Y = (K 0 - Ka) * {exp[(ESI 0 - X)/tc R i]} + K a 

Wliere: 

R n is the normalized relaxation parameter (dP/dt mm - ) 

ESI 0 is the smallest ESI that produces a mechanical response ("initial ESI") 

Kq is an estimate of R^ at ESIq 
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K a ia the plateau (of fte _ } durfcg ^ ^ phase ^ ^ 

to R] IS the toe constant of the first phase of diastolic restitution 

Late phase: 

R n = K b * {l-exp[(ESI 0 - ESI)/t CR2 ]} 
or when plotted as shown in FIG. 14: 

Y = K b * {l-expf(ESI 0 - X)/t CR2 ]} 

Where: 

R n is the normalized relaxation parameter (dP/dt niin -l) 

ESI 0 is the smallest ESI that produces a mechanical response ("initial ES I») 

K b is the plateau asymptote (of the response) during the late phase of diastolic restitution 

t CR2 * the time constant of the second phase of diastolic restitution 

Collection of VtV Parameter • 

The recitation traction RE pal , meter „ ^ ^ § ^ 

It e r f 'T' ^ PIOVidC " ° f ^ ~ ° f or regression 

of tite heart famtre throngh the comparison of RE parameter data collected over time The 

left ventncmar function impaired by dilated cardiomyopathy (COCM) is illusbated in 
FIG. 9 from Seed, Nome e, a,., ■•Re.ationships Between the Bea,- to -Bea, Intervel and the 

The primary information necessary to compute the RE parameter is the 
nre.sur.ment of cardiac contmctile performance over a consecutive series of cardiac 
cycies immediately Mowing a cardiac cycie in which a premature intrinsic beat or 
extrasystole ts sensed or immediately following one or more cardiac cycles that an ES 
pace pulse is delivered a. a predetetmined ESI. In the preferred embodiment an 
electrogram signal (R-wave) is used to define cardiac cycle boundaries and measure 
mtnnstc R.R intervals. Although « is possiWe „ derive ^ ^ 
mechanioa, parameters such as vernacular pressure, these parameters are leas rnhaMe for 
premamre beats that do not develop much mechanical response 
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In addition, an index of the strength of contraction of the heart chamber is 
measured over a series of succeeding heart cycles to provide a strength of contraction 
value. The RF parameter of the heart chamber is derived from the accumulated series of 
strength of contraction values representing the mechanical response of the heart chamber- 
to the electrical stimuli applied to the heart chamber prematurely at expiration of the 
extrasystohc escape interval. Tire index can be determined by a number of sensed 
parameters including blood pressure, chamber volume or a geometry change of the 
chamber or by the acceleration of the contraction of the chamber through use of an 
accelerometer. In a preferred embodiment , a continuous RV pressure signal is processed 
to reveal the maximum dP/dt (dP/dt MAX) over each cardiac cycle. The RVDP or RV 
systolic pressure alone could alternatively be used. An alternative embodiment relies on 
an analogous parameter derived from the volume V signal such as dV/dt MAX. 

FIG. 6 depicts the steps of determining the RF parameter in step S414 of FIG. 4. 
During these pressure measurements, the intrinsic heart rate is determined, and the heart is 
paced at a pacing rate just above the intrinsic heart rate in order to rigorously control for 
rate (force-interval) and Frank-Starling filling time (length-tension). effects. It should be 
noted that it is desirable to avoid pacing, in part or completely if a normal heart rate and 
stable rhythm exists to help reduce any extra arrhythmia risk associated with the pacing. It 
should also be noted mat pacing can be altogether eliminated by relying upon intrinsic 
premature beats or extrasy stoles. An IMD that is programmed to continuously monitor the 
electrogram and pressure signals can wait until the heart rate is stable and regular to make 
tire RF parameter assessment and can afford to discard RF parameter assessments that are 
made over a series of heart beats where the heart rate or rhythm deteriorates or the 
extrasystole rs not timed well. However, since it is the more complex process, FIG. 6 
depicts the RF parameter measurement taking place during fixed rate pacing. 

When the RF parameter measurement process is entered, it is necessary to 
determine the intrinsic EI in steps S604 and S606. In step S608, a pacing EI is calculated 
that is sufficiently shorter than the intrinsic EI to overdrive pace the heart chamber, and an 
ESI is calculated as a fr action of the pacing EI or is determined during the initial basehne 
programming and measurrng steps S402 and S404. Tire ESI is generally chosen to be as 
short as possible but to exceed the refractory period of the heart chamber that takes place 
as the cardiac cells repolarize following a preceding pacing pulse to ensure that foe heart 
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Then, the IMD enters a fixed rate pacing mode in stetD^m • . 

delivprincr "A/T" • , P S610 successively 

are measured and avmged fc ^ ^ ^ ^ vataea 

sense even, occurs during the fixed rale pacing cycles the pp 

aborted. ' Parnate measurement is 

For simplicity, these steps S602 - S61 2 can be Ore same as steps S502 - S532 of 
FIG*. 5A and 5B , w te e M=8 , fer ^ fc ^ > *» * 

parameter and the RF parameter can be made simmtaueous,, 

An ES puiae or pulse tain is , hen delivered in steps S614 fcough M , fa ^ _ 
paced heart cycle. Alternatively, a series of such ES pufces or pulse teal can he 
dehvered ma like series of paced hear, cycles by repeahng steps S614 - S61S a number of 
WS, e.g., three nmes . m eitha . ^ fa ^ ^ 

processor « is enabted ,o measure me hear, chamber b ,ood pres JLpmv^meP 

detenmnedand tempomnly stored over "K" succeeding hear, cycles in steps S620 - S«4 

n order ,o denve the RF time constan, m ste p s63 , ^ „ 
termmated fan exbasystole occurs and is sensed in step S626 

Alternately, when feed rate pacing is no, employed, sense events am detected 
and ma* the end of a preceding bear, cycle and the beginning of Ae n6x , hea „ ^ ^ 
~ heart rate and rhythm are examine, to ensure tha, mey are m^ve.y staHe, and 
the RF measurement ,s aborted if the inmnsic heart rate and rhythm alters signify 
enough to distort Are measurement. 

vra v ^ EI <X "' n ' iS in ° remented S«32, and me measurement of Are RF dP/dt 

MAX vah.es over the remaining heart cycies is repeated in steps S620 - S630 unbl « K » 
hear, cycles are counted. Tbe RF time constant is determmed in step S636 and stored w,,h 
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the date and time stamp and any other useful related data after the EI count reaches 
"KmaX "> as determined in step S634. 

It should be noted that at least the initial dP/dt MAX values following fee delivery 
of the ES stimulation should be larger than the dP/dt MAX (SS) determined in step S612. 
Hie determination of the RE time constant in step S636 may be aborted if the dP/dt MAX 
(SS) determined in step S612 is greater than at least the first post ES stimulation P/dt 
MAX value. 

The determination of RF is made from the decay of the K dP/dt MAX amplitudes 
from dP/dt MAX k =i . The following explanation is made with respect to FIGs. 10-12. 

Notation: 

time, t 

cardiac cycle, k 

R-R interval, RFq c 

Baseline R-R interval, RRo 

Premature (extrasystolic) R-R interval, ESI 

RV dP/dtMAX, dP/dtt 

Baseline RV dP/dt MAX. dP/dt 0 

Steps: 

Wait for (or pace) a series of suitable R-R intervals 
Note RRo and corresponding dP/dtg 
Confirm RR stable and in a normal range 

Pace the atrium or ventricle at fee time-out of the ESI to produce one or more 
premature ventricular beats (extrasystoles) not long after the end of the preceding cycle's 
refractory period or T wave. 

Confirm ESI < RRo 

Return to the (paced) R-R intervals of the first step for subsequent beats k = 1, 

K-max 

Record RRfc and dP/dtfc 

If RR k are approximately equal to RR 0 and if dP/dti > dP/dt 2 > dP/dt 0 
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Contpufc ^^^^^^ s 
x> ^max 

FIGs. 1 0 and 1 1 illustrate signals from an animal study including * 
ventricular EGM rVe^ ™,i « including the measured 

dp/, max v ah . _ card * r 3 ~ Tr ftom * fa *° 

FIG. "graphicallyata^fe,^^^^^ 

decay ofihedP/dt MAX values over caniiac cycles k=l 2 3 t n , * 
detent by lilKar Kgression „ „ . **• of to Kn e 

/^j. x^ougn/y /5% of the potentiation mamfrc* 
on a prevrous ^ „ evident on t „ e ouireM ^ sfeady steK ^ »~ 

- app_, 320 m Hg/s ta Ws example ftom ^ nomai 

If desned, it ia possible ,e convert ftom EF to beat or toe constat where . 
Beat constat - (fte ^ ^ ^ ^ ^ ^ 

Time constat . -RRq / ln(RF), (the toe needed fot potentiated dP/d, MAX to decay to 
l/e). 

For this example, the beat constat ia 3.1 beats and toe constat lj6 second, 
Collection of Tan Pa rameter Data- 

The ventrical ration toe constat or ta (, ) parameter „ believed ,„ ^ 
usehd morearor of the atato of hear, failure and can provide ,„ btdieadon of the state of 
proton or „„ of to hear, faihua through to conrparison of ta parameter data 
cohected over toe. The prhnary informal nmy „ . ^ 
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relaxation or tau is the drop in ventricular pressure at the end of systole and in the first part 
of drastole. In the preferred embodiment, an EGM signal, e.g., the R-wave, is used to 
define cardiac cycle boundaries and to measure R-R intervals, and a continuous pressure P 
signal, e.g.., RVP, is processed to reveal tau for each cardiac cycle where it is measured. 
Alternatively, a relaxation time constant may also be determined from an analogous 
computation with the volume signal. 

The basic computational algorithm is described below in reference to FIGs. 4 and 8 

employing the notation: 
time, t 

cardiac heart cycle, k 
R-R interval, RR k 
Baseline R-R interval, RRo 

Ventricular pressure, P(t) 

Maximum ventricular pressure, P uiax 

Time of occurrence of P m ax> T Pmax 

Relaxation time constant, tau k 

Time of occurrence of dP/dt n iin, Tdpdtmin 

The tau parameter is periodically measured from time to time to collect a data set 
stored in IMD memory along with time and date stamp and other patient data of interest to 
determine if the tau parameter is relatively unchanged or has changed from an earlier 
uplink telemetered set of such data. It is desirable that the RR k interval of each measured 
tau parameter of the stored data set is comparable so that the tau parameter is not distorted 
by heart rate variability. The tau parameter measurement can be made in a single heart 
cycle "k" where lire current RR k is not significantly different than a baseline interval, 
RR 0 , determined in one or more preceding heart cycles k_i , k_ 2 , et seq. In this case, the 
detemrined tau parameter and the intrinsic RR 0 and RR k may all be date and time 
stamped and stored in IMD memory with other relevant patient data, so the stored tau 
parameter values can be correlated with the RRo and ^k- 

However, the heart can be paced at a rate just above the intrinsic EI to provide a 
paced RR k in order to rigorously control for rate (force-interval) and Frank-Starling filling 
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*»e (tension, effects during «, mea _ fte 

Cowed b y a paced ^ m]ess , he intrinsjc ^ rate ^ ^ 

bean «e. When a,, condlfions are met fc determfaed ^ p _ ^ ^ 

and P* k may ^ be date md , m ^ ^ ^ fa ^ ^ ^ ^ ^ 

pafien, d ata , s0 fte stored tau „ r vahes can be ^ ^ ^ 

HQ. 8 illustrates the bIood prassure meaammmts / 

ate saUsfied, then the detention of ^ place in ^ ss]6 
ou t se,,s,eps S 40SduoughS4,0o f FIG.4 ml ., besatisfiedforI: _ lj ^ 
k-2 . etc., heart cycles ,o detenttine a baseline intrinsic RR 0 . h Step SS02> and fte 

paced M,, Th,s d e,ernnnafion tnay he haaed on a programmed preference ^ „ 

S814 hut ,o revert ,o steps S822 - SS 3„ if atep S 8,4 is no tsa «ed one ortnote L 
Asaunnng ft,, „ le fcu, parameter is ^ ^ ^ 

dcfcnninad in step S804, ,he RR k interval is st art. d on me next sense even, detected in 
ate, S806 would M he fte R V R-„ave, hu, fte on se« of RV dP/d, and a tes ho,d 
cnterton could he emp,o y ed instead. Upon detecfion of a sense even, in step S806 fte 

102 tte blood P1 cssnte m fte be.rt chmnber, e.g.. fte RV, is sam P ,ed in step S80 S while 
the .nhrttenc RR k fi^ out betwMn fce ^ ^ ^ ^ ^ ^ wlnle 

"N» santpted and di g i« Z ed pressure values, e.g., N R VP a nd N RV dP/dt digifcd 
samples. The inteinsic RR k „ mea aurad in step S8 12 after fte ending sense even, is 
detected in step S810, a„ d fte measured intrillsio ^ „ mmp ^ ^ ^ ^ ^ 

atep 8814, » determine if fte ftfference is wfthin defined hounds for rate and rate S ,ab„hv 
™e N RVP 3nd N RV d P, d , digifeed aamptes „ ^ ^ ^ ^ ^ ^ 
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rhythm of the current intrinsic RR k varies significantly enough to make the tau 
measurement of steps S816 and S818 atypical. 

Steps S822 - SS36 are followed if the paced mode is determined in step S804, and 
if pacing rate that is employed would overdrive the intrinsic heart rate reflected by the 
intrinsic baseline RR 0 determined in step S802. In this illustrated embodiment, the paced 
RR k is determined from the intrinsic baseline RR 0 m step S822 as a pacing EI. The 
pacing EI is timed out after the next sense event in steps SS26 and SS2S, and a first pacing 
pulse is delivered in step S830 commencing the paced RR k . As noted above, a paced 
baseline RR 0 could first be developed over a number of paced heart cycles using the 
determined pacing EI. In addition, the pacing EI could be programmed to overdrive the 

patient's typical intrinsic heart rate. 

The pressure sensor power supply and signal processor 162 is enabled in step SS32 
to measure the heart chamber blood pressure and provide blood pressure signals to control 
and timing system 102. The blood pressure in the heart chamber, e.g., the RV, is sampled 
in step S832 while the intrinsic RR k times out from the pacing pulse to derive the "N" 
sampled and digitized pressure values, e.g., N RVP and N RV dP/dt digitized samples. 

The RVP and RV dP/dt digitized samples derived in step S832 are discarded if a 
sense event occurs in step S834 before the pacing EI times out as determined in step S836. 
In tins case, the tau measurement would be aborted or restarted back at step S802. 

If the intrinsic or paced RR k are acceptable, then the N RVP and N RV dP/dt 
digitized samples derived in step S808 or S832 are subjected to one of the following 
algorithms to detennine the sample time that dP/dt MEN sample was derived in step S816. 
this is accomplished by looking for the time corresponding to a minimum of the dP/dt 
signal or for the pressure to have declined to a specific fraction of its maximum for this 
cardiac cycle. Denote this time, a k , which is constrained a > T P max and calculate it by: 

, or 

Then tau, , is computed in step S818 from a suitably low pass filtered version of P and 

dP/dtby: 
for , or 
respectively. 
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This estimate of tau is used in suWrm^t a + i 

onlyifitisinasuitable^te 6 ^ ^ ^ or therapeutic steps 

stored in IMP) *" ^ " date and time ^mped and 

IMD memoiy with other related patient data of interest 

Computation of relaxation time constant tau from ™ *v 
mustratedinthewavetosofHGs 15-17 FIG ^ 7 ^ ^ 

relaxation time constant tau from meRv 15 &e c ~on of the 

exponential decay portion f^ 77 ^ ^ " ^ *"* 

yp oi-nonofRVPbegms from the time ofRVdP/dtMIN at about 5 9? 
seconds. J* this example derived from the instantaneous ratio of P to ^7 
panel), RV tau is computed to be about 68 ms. ( ^ 

FIGs. 16 and 17 Illustrate the concordance ofRV tau and L vt a „. • 

™vP )>LVd P /dtandRVdp/dt . H0. 16aiustatesbaseI J co ~^ 
1 7 illustrates conditions after »f.rw on ^ . A<J * 

dP/d ,o denve an RV tau fca, „ representative of ^ Ly « 
simplertoimplantthepressuresensox. 

I.should a,ao b e noted thatthe ttae constantof ventricular cmbe 
detected ustng „ ana!ogous procedure ^ ^ ^ 

— ^ „ f p^ m ta ^ period ms fa ^ - 



. Colfcetion of R„d S Msikaasania fanimetern.f,. 

The end s ystol ic stance E ES pa ramete „ beli<!ved „ be . ^ rf 

of*, heart through to rompari so n of E ES _,. data ^ ^ 

The end systohe ..astanee E ES p _ 00mprises . s , ope ^ ^ ^ 
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or "cloud" of "n" data points of end systolic P E s measurements plotted against the 
simultaneously determined end systolic heart chamber volume V ES measurements. 

FIG. 7 depicts the steps of determining the E E s parameter in step S414 of FIG. 4. 
Vv^hen the E ES parameter measurement is started, it can be conducted during "n" 
successive paced heart cycles as illustrated in steps S704 - S706 or during intrinsic heart 
cycles as illustrated by the broken lines. In the latter case, it may be advisable to make a 
determination that the heart rate and rhythm remain within prescribed ranges between 
steps S702 and S712. In the former case, the pacing EI is calculated that is sufficiently 
shorter than the intrinsic EI to overdrive pace the heart chamber in step S704, and fixed 
rate pacing is carried out in steps S704 - S708 at least for "n" programmed pacing cycles. 

In either case, the pressure sensor power supply and signal processor 162 is 
enabled in step S712 to measure the heart chamber blood pressure and provide "N" 
sampled P and dP/dt signals over the heart cycle. At the same time, the impedance power 
supply and signal processor 1 80 is enabled in step S714 to develop "N" volume V signals 
over the heart cycle. Tire "N" sampled P and dP/dt and volume V signals are digitized in 
step S716 and applied to control and timing system 102. 

The end systolic point P ES and V ES is determined in step S718 and stored in IMD 
memory in step S720. The determination of the end systolic P ES and V ES samples at the 
end systolic point in the heart cycle is made by first determining dP/dt MIN sample and 
selecting a P sample and V sample at a short time, e.g., 20 ms, prior to the dP/dt MTN 
sample. In this way, "n" sets of [P ES , V ES ] data points are accumulated for 
determination of E ES and derivation of a correlation coefficient R and squared con-elation 

coefficient R 2 in step S726. 

The E ES data set count is then incremented in step S722, and the incremented 

count is compared to a programmed data set count "n" in step S724. The process of 
determining the n end systolic point P ES and V ES values is commenced again for the next 
intrinsic EI at step S702 or the next paced EI at step S704, and the process is repeated until 
the programmed data set count "n" is reached. 

It should also be noted that the event trigger criteria of step S406 can be 
programmed in step S402 to be "all times" that step S412 is met or fixed rate pacing is 
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provided ta steps S704 . S708 , fc ms ^ v seffi o([pEs > Ves] da(a ^ 
contnntoaaiy accunnnated on a FIFO basis for detent of E ES and dedvation rf , 
correlation coefficient R and squared correlation coefficient R 2 fa step S726 fn this 
varration, steps S722 and S724 are always satisfied when the firs, - V sets of [P ES , v ES ] 
data points are accumulated. 

Then, in either case, in step S726, a linear regression of the "n» sets of 
PES . V ES ] data points is conducted using standard linear regression techniques to derive 
the slope of the sampled data set, E ES , a correlation coefficient R and the squared 
correlation coefficient R 2 as depicted in FIGs. 19 and 21 as described further below. 

In step S728, the squared correlation coefficient R2 G f the "n" sets of [P ES , V ES ] 
data points data set (the sample squared correlation coefficient R 2) is compared to [ 

threshold squared con-elation coefficient R 2 ( e . g . 08 - 0.9) that is initially programmed in 
step S402. 

The slope of the sampled data set of «n» end systolic [P ES : V ES ] data points 
determined in step S726 is saved as the E ES in step S730 if the sample squared correlation 
coefficient R 2 exceeds the threshold squared correlation coefficient R 2 value as 
determined in step S728. If the threshold condition is not met, then a slope of the sampled 
set of «n» end systolic [P ES , V ES ] values cannot be meaningfully determined. The 
accumulated data set is either discarded and the Ees parameter measurement aborted as 
shown in FIG. 7 or the data set is updated on a FIFO basis by starting again at either step 
S702 or step S706. The accumulated data set and/or slope E ES is then saved with other 
associated data in IMD memory in step S730 if the slope can be determined from the 
clustered plotted intersecting data points of "n" end systolic [P ES , V ES ] values. 

FIG. 18 is a plot often consecutive PV loops during a modification of preload 
(vena caval partial occlusion) with end systolic PV points shown at the upper left of FIG 
18. When a hnear regression is performed using these ten end systolic PV points of FIG 
IS.astraxghtlineisforn.edasshowninFIG. 19. The fit of the line shown in FIG. 19 to 
the points is very good with conelation R 2 = 0 .998. An end systolic elastance Ees of 
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9 69 is evidenced by the slope of the line. It is expected that the slope will change in a 
manner that signifies the progression or remission of heart failure in a patient's heart. 

By contrast, FIG. 20 is a plot often consecutive PV loops at a baseline condition of 
a relatively normal heart evidencing little physiologic change in the measured P and V. 
As a result, the ten end systolic PV points are on top of each other in the upper left comer 
of FIG 90 When a linear regression is performed using these ten end systolic PV points 
m FIG. 21. these points do not reliably form a good straight line and thus do not permit an 
estimation of E ES - Tlie con-elation of R2=0.322 is sufficient to recognize mat the E ES 
slope of 3.31 is not an accurate reflection of die physiology and would be discarded 
following the comparison step S726. 

The end systolic elastance E ES is computed periodically or continuously in this 
manner to store a set of such slopes. The stored slopes are retrieved by uplink telemetry to 
an external programmer and are subjected to linear regression analysis to determine if a 
more recent slope has changed from an earlier slope in a manner that signifies a 
deterioration or improvement in CHF. A decrease in E ES implies a decrease m systolic 
function and loss in contractile strength. 
TWa pv Delivery: 

Turning to FIG. 23, the timing diagram illustrates the tuning of delivery of 
stimulation to a heart chamber by the PESP/PACE output pulse generator 150 of FIG. 3 in 
relation to a timed interval from a sensed or paced event as well as alternative pulse 
waveforms of the ES stimulation. In accordance with one aspect of the present invention, 
a therapeutic stimulation delay illustrated in tracing (e) is timed out from a sensed or paced 
event (e g the illustrated V-EVENTs) that is shorter than the refractory period of the heart 
persisting from the sensed or paced event. A stimulus pulse train is delivered to the atria 
and/or ventricles in the depicted therapy delivery interval of tracing (f) commencing after 
time-out of the delay so that at least the initial puis*) of the pulse train fall witmn the 
end portion of the refractory period. The pulses of the PESP portion of the delivered 
therapies are intended to be supra-threshold in nature, that is, of sufficient energy to 
depolarize the heart when they are delivered in the non-refractory penod of the heart cycle 
so that the heart is captured by at least one of the PESP pulses falling outside the 
refractory period. The initial pulses delivered during the refractory period can also 
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CTT* "r FM SimPKCi,y ° f ilInS,ra,IO "• » - ® ™ — * 

£«. an fce depolarization of ae heart 4at fcey ^ . ^ 

n» Md number of reflaotMy interval pulsM Md pEsp * a 

Ptafce tian, and tte spacfag Ween fce pute ^ ^ d& ^ ^ jihtoM J* 

ra -'"-n S eorpaoeava„«d etec «edi llto cin E (b)a ls o« ggasft e timillg 
out of an escape mte™. to ^ (c) whjoh may be ^ 

.*T ° r ~* d « - «- op-ting .node of the syS tem 

The firs departed sequence in FIG. 23 shows the fin, time-on, of ^ escape interva| fa 
fiamng (o) the reftactoty period fa ttacfag (d) , and fc 

m *acmgs (e) and (f, The merapy delay and thempy delivery intervals oan be Led as 
a ftncfion of an intrinsic V-V or V-A escape interva, derived h y measuring and avera g in g 
ntfervak between fatemsic ventricubr and/or atria! sense events or paoed events The 
therapy delay oan also be determined from a measurement of the QT interval As 

2oT ^ W ^ uf tile therapy p„ Is e trafa „ nffl 

dre QRS oomplex ends or about 40 - 60 ms after the V-EVENT we,, before to start of the 
vulnerable period of the heart which occms near the end of ft. T-wave. Thethempy 
delivery interval is rimed to time-out weft before fire end of the previous,, derived V-V or 
V-A escape interva,, bu, is extended for ease of fflusriafion of the pu,se trains in tracing 

Tire therapy stimulation energy is delivered in the form ofaburstofX constant or 
vanable energy stimmauon puh.es separated by a pulse separation interval between each 
pulae of the hum.. A„ of the pnlses can have tire aame amphtude and o.ergy as shown in 
waveform 3 of fiacing (i). Or tire ,eadi„g and/or trailing pnjses of the pulse main can have 
^pedampHtedesaimdar tethewavefomts , and 2 fflusuated in tmcings <g) and (h). h 
teaetngs (g) and (h), me ramp up teading edge amplimdes of a sub-se, of thepu,ses of ttte 
burst are shown increasing ftom an initia, amphfi.de to a maximum ampHfi.de. In tracing 
(g), the mmp down trading edge ampttndes of a ftrther aub-aet of the pute of me burs, 
are shown decreasing ftom ta maximum amplitude to a terminating amphtude 

Alternatively, the initial set of p„,ses delivered dunng the reftaetery period oan 
have a higher pulse amplifi.de or width as shown by waveform 4 fflusteated in tracing ffl 
The hrgh energy pulses delivered during the refractory period can enhance the PESP effect 
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during subsequent heart cycles. Tracing (j) also illustrates alternative numbers and 
spachig of the pulses of the pulse train, and it will be understood that this embodiment can 
also employ the number of pulses and pulse spacing of waveforms 1 - 3. 

In addition, it may be desirable to avoid delivering any therapy pulses in the 
vulnerable, period of the heart near the end of the T-wave, particularly if high energy 
pulses are delivered during the refractory period. Tracing (j) also illustrates a vulnerable 
period delay between fee high energy pulses delivered during the refractory period and the 
lower energy PESP pulses to avoid delivering any pulses during the vulnerable period of 
the heart. It would also be possible to lower the pulse energy of the pulses delivered later 

in the refractory period. 

The therapy delivery capability is preferably implemented into a system mat may 
include conventional pacing therapies and operating modes as well as 
cardioversion/defibrillation capabilities or as a stand alone system for simply providing 
pulse therapies to effect potentiation of myocardial cells between sensed PQRST 
complexes shown in FIG. 23. 
Conclusion: 

The above-described methods and apparatus are believed to be of particular benefit 
for patient's suffering heart failure including chronic CHF and its variants as described 
above. It will understood that the present invention offers the possibility of monitoring 
and treatment of a wide variety of acute and chronic cardiac dysfunctions arising from: 

The above described methods and apparatus are believed to be of particular benefit 
for patients suffering from heart failure including chronic HF and its variants as described 
above. It should be understood ... a wide variety of acute and chronic cardiac mechanical 
dysfunctions arising from: 
Acute and chronic heart failure; 
Cardiogenic shock; 

Drug overdoses including agents commonly used to treat HF such as beta blockers; 
Protracted tachyarrhythmias (e.g. VT, AT/AF) or bradycardia; 
Electtomechanical dissociation; 

Cardiac dysfunction or pulse-less electrical activity associated with resuscitation; 
Post cardiac bypass surgery with cardioplegia; 
Severe respiratory dysfunction and hypoxia; 
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Coronaiy artery ischemia from thrombus or surgical manipulation; 
Acute myocardial infarction; and 

Any other cardiac dysfunctions and disease processes that will be apparent to the clinician 
Consequently, the expression "heart failure" as used in above and in the following 
claims shall be understood to embrace the same. 

All patents and other publications identified above are incorporated herein by 
reference. 

While the present invention has been illustrated and described with particularity in 
terms of preferred embodiments, it should be understood that no limitation of the scope of 
the invention is intended thereby. The scope of the invention is defined only by the claims 
appended hereto. It should also be understood that variations of the particular 
embodiments described herein incorporating the principles of the present invention will 
occur to those of ordinary skill in the art and yet be within the scope of the appended 
claims. 
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CLAIMS: 



1. In an implantable medical device, a system for monitoring the state of heart 
failure of the heart of a heart failure patient and delivering a therapy comprising: 

pulse generating means for selectively generating and applying a pacing pulse to at 
least one heart chamber to effect a contraction of the heart chamber commencing a heart 
cycle and for selectively generating and applying an extrasystolic electrical stimulus to the 
at least one heart chamber at the time out of an extrasystolic escape interval to mduce 
post-extrasystohc potentiation increasing the strength of contraction of the heart chamber; 

electrical signal sense means for sensing the electrical signals of the heart m sard at 
least one heart chamber and providing a sense event signal signifying the contraction of 
the heart commencing a heart cycle; 

heart chamber volume measuring means for measuring the volume of a heart 
chamber over at least a portion of a heart cycle and providing a chamber volume value; 

blood pressure measuring means for measuring blood pressure within a heart 
chamber over at least a portion of a heart cycle and providing a blood pressure value; 

parameter deriving means for selectively enabling operation of said pulse 
venerating means, said electrical signal sense means, said heart chamber volume 
measuring means, and said blood pressure measuring means for periodically deriving a 
plurality of heart failure parameters signifying the state of heart failure from selected 
measured values of chamber volume and blood pressure, the heart failure parameters 
including: 

a tau parameter representing one of a relaxation and contraction time constant of the heart 
chamber, 

a mechanical restitution parameter representing the mechanical response of a heart 
chamber to electrical stimuli applied to the heart chamber prematurely at differing times 
during a plurality of heart cycles, 

a recirculation fraction parameter representing the increase in strength of a contraction of 
the heart chamber in response to an electrical stimuli applied to the heart chamber during a 
heart cycle and the rate of decay of the increase in strength of successive contractions of 
the heart chamber over a series of heart cycles; and 
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an elastance parameter representing the slope of plotted sets of end systolic blood pressure 
versus end systolic chamber volume over a plurality of heart cycles; Id 

therapy delivery means responsive to a determined heart failure parameter for 
operating said pulse generating means m a therapy delivery mode to increase tbe strength 
of contract™ of the patient's heart and improve the heart failure state. 

2- The implantable medical device of Claim 1, wherein said therapy delivery 
means further comprises: 

mea » Sfores tabl^ 
mat lapses within the refractory period ofthe heart but outside the vulnerable periodofthe 
heart, atherapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
burst pacmg pulse within the refractory period; and 

means for timing out the pulse separation interval for each ofthe remaining burst 
pacmg pulses and triggering the delivery of at least one burst pacing pulse outside ofthe 
refractory period to increase the strength of contraction ofthe patient's heart. 

3. The implantable medical device of Claim 1, wherein the tau parameter 
deriving means further comprises 

means for operating said blood pressure measuring means to make N blood 
pressure (P) and rate of change (dP/dt) measurements in the heart chamber at a 
predetermined sample rate over a heart cycle following a natural, intrinsic, or paced 
depolarization ofthe heart chamber; 

means for determining dP/dt MEN and the time of dP/dt MTN during the heart 
cycle; and 

means for deriving the tau parameter at the time of dP/dt MTN as a function of a set 
ofsamples of pressure P and dP/dt within a time window measured from the time of dP/dt 



4. The implantable medical device of Claim 1, wherein the recirculation 
fraction parameter deriving means further comprises: 
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means for operating said pulse generating means to provide fixed rate pacing 
directly or indirectly to a heart chamber to stabilize the heart rate of the heart chamber at a 
steady state (SS) over a first predetermined number of paced SS heart cycles: 

means for operating said pulse generating means for providing extrasystolic (ES) 
stimulation to a heart chamber after an extasystolic interval timed from a pace pulse 
during each at least one paced ES heart cycle; 

means for operating said blood pressure measuring means to make N blood 
pressure (P) and rate of change (dP/dt) measurements in the heart chamber that is 
depolarized directly or indirectly by the delivered pacing pulses at a predetermined sample 
rate over at least a portion of a second predetermined number of paced heart cycles 
following Hie last paced ES heart cycle; 

means for determining maximum blood pressure rate of change (dP/dt MAX (ES)) 
during each of the second predetermined number of paced heart cycles following tire last 
paced ES heart cycle, the determined dP/dt MAX (ES) values and tire paced heart cycle 
numbers comprising an RE parameter data set, 

whereby each determined dP/dt MAX (ES) value of each stored RE parameter data 
set can be plotted in relation to the paced heart cycle number to exhibit the exponential 
decay of the dP/dt MAX (ES) values over time that reflects the decay in the PESP effect in 
the heart chamber after delivery of the ES stimulation. 

5. The implantable medical device of Claim 4, wherein the recirculation 
fraction parameter deriving means further comprises: 

means for operating said blood pressure measuring means to make N blood 
pressure (P) and rate of change (dP/dt) measurements in the heart chamber that is 
depolarized directly or indirectly by the delivered pacing pulse at a predetermined sample 
rate during at least one SS paced heart cycle; 

means for determining a maximum blood pressure rate of change (dP/dt MAX 
(SS)) during the SS heart cycle; and 

means for determining that the at least one determined dP/dt MAX (ES) value 

exceeds the dP/dt MAX (SS) value. 
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6. 



The implantable medical device of Claim 1, wherein the end systolic 
elastance parameter deriving means for deriving the slope of plotted sets of and systolic 
blood pressure versus end systolic chamber volume over a plurality of heart cycles further 
comprises: 

(a) means for operating said blood pressure measuring means and said heart 
chamber volume measuring means to make N blood pressure (P) measurements and N 
volume (V) measurements of me heart chamber at a predetermined sample rate over a 
senes of heart cycles following a natural, intrinsic, or paced depolarization of the heart 
chamber; 

(b) means for selecting the end systolic blood pressure (P ES ) measurements and 
end systolic volume (V ES ) measurements at the end systolic point in each heart cycle; 

(c) means for establishing a threshold con-elation coefficient R2; 

(d) means for accumulating n sets of end systolic [P ES . V Es ] data points; 

(e) means for performing a linear regression of the "n" sets of [P ES , V BS ] data 
points to derive the slope of tire sampled data set, a sample correlation coefficient R and a 
sample squared correlation coefficient R2 ; 

(f) means for comparing the sample squared correlation coefficient R2 to the 
threshold squared con-elation coefficient R2 ; and 

(g) means for storing the derived slope as the end systolic elastance if the sample 
squared conelation coefficient R 2 exceeds the threshold squared conelation coefficient 
R2. 



7. The implantable medical device of Claim 6, wherein the end systolic 
elastance parameter deriving means further comprises: 

means operable if the sample squared con elation coefficient R2 does not exceed 
fee threshold squared conelation coefficient R 2 for continuously operating means (a) - (f) 
to develop the «n» sets of [P ES , V ES ] data points where the oldest set of [P ES , V ES ] 
data points is replaced by tire newest set of [P ES , V ES ] data points on a FIFO basis until 
the sample squared conelation coefficient R 2 exceeds the threshold sqnared conelation 
coefficient R 2 and for then operating means (g) for storing the derived slope as the end 
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systolic elastance when the sample squared correlation coefficient R 2 exceeds the 
threshold squared conelation coefficient R-. 

8. The implantable medical device of Claim 1, wherein the mechanical 
restitution parameter deriving means further comprises: 

means for operating said pulse generating means to provide fixed rate pacing 
directly or indirectly to a heart chamber to stabilize the heart rate of the heart chamber at a 
steady state (SS) over a first predetermined number of paced SS heart cycles; 

means for operating said blood pressure measuring means to make N blood 
pressure measurements P and dP/dt in the heart chamber that 1S depolarized directly or 
indirectly by the delivered pacing pulse at a predetermined sample rate during at least one 

SS paced heart cycle; 

m eans for detenmning maximum blood pressure rate of change (dP/dt MAX (SS)) 

during the SS heart cycle; 

means for operating said pulse generating means to provide fixed rate pacing and 
for providing extrasystolic (ES) stimulation at differing timed extrasystolic intervals timed 
from a pace pulse during each of a second predetermined number of paced ES heart 
cycles; 

means for operating said blood pressure measuring means to malce N blood 
pressure measurements P and dP/dt in the heart chamber at a predetermined sample rate 
over at least a portion of each of the second predetennined number of paced ES heart 
r*vcles" 

' m eans for determining maximum blood pressure rate of change (dP/dt MAX (ES)) 

during each ES heart cycle; and 

means for processing each determined dP/dt MAX (ES) with respect to the dP/dt 
MAX (SS) to derive mechanical restitution data sets from which tire time constant of 
systolic restitution tc niic is derived. 

9 In an implantable medical device, a system for monitoring the state of heart 
failure as a function of the mechanical restitution of the heart of a heart failure patient and 
delivering a therapy comprising: 
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means for determining a stable cardiac cycle of a heart chamber having a heart 
cycle escape interval; 

tee^r" 13 for ^ out an extasy! ' oiic ^ ^ durin8 * e 

pulse generating means for selectively generating and applying a „ extrasystolic 
electaca, stnnutas to the near, chamber a, me toe ou, of me exmasystolic escape tnterval 
to m4.ee post-extraaysmlic potentiation increasing the strength of conation of me heart 
chamber; 

blood pressure measuring means for measuring blood pressure within a heart 
chamber over at least a portion of a heart cycle and providing a blood pressure value- 

mechamcal restitution parameter deriving means for selectively enabling operation 
of said pulse generating means and said blood pressure measuring means for periodically 
denvmg a mechanical restitution parameter representing the mechanical response of a 
heart chamber to the electrical stimuli applied to the heart chamber prematurely at 
dxffenng extrasystolic escape intervals during a plurality of heart cycles; and 

therapy delivery means responsive to a determined heart failure parameter for 
operating said pulse generating means in a therapy delivery mode to increase the strength 
of contraction of the patient's heart and improve the heart failure state. 

10. The implantable medical device of Claim 9, wherein said therapy delivery 
means further comprises: 

means for establishing a therapy delay timed from a pacing pulse or sensed event 
that lapses within the refractory period of the heart but outside the vulnerable period of the 
heart, a therapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
burst pacing pulse witliin the refractory period; and 

means for timing out the pulse separation interval for each of the remaining burst 
pacmg pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the str ength of contraction of the patient's heart. 
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11. 



In an implantable medical device, a system for monitoring the state of heart 
failure as a function of the mechanical restitution of the heart of a heart failure patient and 

delivering a therapy comprising: 

pacing pulse generating means for selectively generating and applying a pacing 
pulse to at least one heart chamber to effect a contraction of the heart chamber 
commencing a paced heart cycle; 

extrasystohc escape interval timing means for timing an extrasystohc escape 
interval from a previously generated and applied pacing pulse; 

extrasystohc stimuli generating means for selectively generating and applying 
electrical stimuli to the at least one heart chamber at the time out of the extrasystohc 
escape interval to induce post-extrasystolic potentiation increasing the strength of 
contraction of the heart chamber; 

blood pressure measuring means for measuring blood pressure within a heart 
chamber over at least a portion of a heart cycle and providing a blood pressure value; . _ 

mechanical restitution parameter deriving means for selectively enabling operation 
of said pacing pulse generating means to generate and apply pacing pulses to tire heart 
chamber, said extrasystohc escape interval timing means to time out a predetermined 
extrasystohc escape interval following predetermined applied pacing pulses, said 
extrasystohc stimuli generating means to generate and apply extrasystohc stimuli to the 
heart chamber at the time out of each extrasystohc escape interval, and said blood pressure 
measuring means to determine a blood pressure value representing the force of contraction 
of the heart chamber following each applied extrasystohc stimuli, whereby a data set of 
such determined blood pressure values correlated to the extrasystohc escape intervals is 
derived and represents the mechanical restitution parameter of the heart chamber; and 
therapy delivery means responsive to a determined heart failure parameter for 
operating said pulse generating means in a therapy delivery mode to increase the strength 
of contraction of the patient's heart and improve the heart failure state. 



12. 



The implantable medical device of Claim 11, wherein said therapy delivery 

means further comprises: 

means for establishing a therapy delay timed from a pacing pulse or sensed event 
that lapses within the refractory period of the heart but outside the vulnerable period of the 
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heart a urerapy burst pulse number „ m<J , ^ ^ ^ 
each pulse of a therapy burst of X pulses; 

means for tinting on, tire therapy de.ay and triggering tire delivery of orre or more 
burst paomg pulse within the refractory period; and 

means for timing on, tire pulse separation interval for eaeh of tire renting hurst 

refractory perrod to rnerease the strength of contraction of the patients heart 

13. ™- implantable nredioa, device ofClainrn, wherein said deterntined 
Hood pressure vatae is a maximal systoHc blood pressure value, and said nrechanica, 
restitution parameter deriving means further comprises: 

^f-^Wmgsaidbloodpressuremeasurmgmeansnrsanrp.eb.oodpressnre 
m the hear, chamber during a paced bear, cycle in which extiasystohc stimuU are no, 

apphed to the hear, chamber to derive a reference maxima, systohc Wood pressure vahre 
and to sump,e Mood pressure m tire heart chamber during each paced hear, eyc.e Mowing 
each apphed extoasystouc s timn,„ s «o derive a plurahty of extiasysmhe maximal systohc 
blood pressure values; and 

means for noting each of said extrasystolic maximal systolic blood pressure 
values to said reference maximal systolic blood pressure value to derive a data set of 
normalized extrasystolic maximal systolic blood pressure values. 

14. The implantable medical device of Claim 1 1, wherein said reference and 
extrasystolic maximal systolic blood pressure values are sampled blood pressure rate of 
change values. 

15. The implantable medical device of Claim ,1, wherein said determined 
blood pressure value is a minima, diastole b.ood pressure va.ue, and said mechanical 
restitution parameter deriving means finther comprises 

in the heT 7 ^ "7* ~ " 8 ™™ » ~* *- »— 

the hear, chamber durmg a paced hear, cycle in which extiasystoho stimuli are no, 

apphed to tir e hear, chamber to derive a reference minima, diastolic blood pressure y al ue 
and ,o aampto Wood pressure in me hear, chamber during each paced ta cyc|e 
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each applied extrasystolic stimulus to derive a plurality of extrasystolic minimal diastolic 

blood pressure values; and 

means for normalizing each of said extrasystolic minimal diastolic blood pressure 
values to said reference minimal diastolic blood pressure value. 

1 6. The implantable medical device of Claim 15, wherein said reference and 
extrasystolic minimal diastolic blood pressure values are sampled blood pressure rate of 
change values. 

17 In an implantable medical device, a method of monitoring the state of heart 
failure as a function of the mechanical restitution of the heart of a heart failure patient, 
deriving a mechanical restitution parameter, and delivering a therapy comprising the steps 
of: 

(a) timing out a pacing escape interval; 

(b) selectively generating and applying a pacing pulse to at least one heart chamber 
to effect a contraction of the heart chamber upon time out of the pacing escape interval to 

commence a paced heart cycle; 

(c) measuring blood pressure within the heart chamber during a paced heart cycle 

and providing a reference blood pressure value; 

(d) establishing an extrasystolic escape interval; 

(e) timing tire extrasystolic escape interval from a previously generated and applied 
pacing pulse; 

(f) selectively generating and applying electrical stimuli to the at least one heart 
chamber at the time out of tire extrasystolic escape interval to induce post-extrasystolic 
potentiation increasing the str ength of contraction of the heart chamber; 

(g) measuring blood pressure within the heart chamber during the heart cycle in 
which the electrical stimuli is applied and providing an extrasystolic blood pressure value; 

(h) processing the extrasystolic blood pressure value with said reference systolic 
blood pressure value to determine a data point of mechanical restitution parameter of the 
heart chamber correlated to the extrasystolic interval; 

(i) incrementing the extrasystolic escape interval; 
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0) repeating steps (e) through (i) a predetermined number of rimes to obtain a 
plurality of data points from the extrasystolic blood pressure values at the plurality of 
extrasystolic escape intervals comprising the mechanical restitution parameter and 

(k) in response to a determined mechanical restitution parameter providing a 
therapy during a heart cycle to increase the strength of contraction of the patient's heart 
and improve the heart failure state. 



18. The method of Claim 17, wherein step (k) further comprises providing a 
burst pacing therapy during a heart cycle to increase the strength of contraction of the 
patient's heart and improve the heart failure state. 

19. The method of Claim 18, wherein step (k) further comprises the steps of: 
establishing a therapy delay timed from a pacing pulse or sensed event that lapses 

withm the refractory period of the heart but outside the vulnerable period of the heart a 
therapy burstpulse number X, and a therapy pulse separation interval between each pulse 
of a therapy burst of X pulses; 

timing out the therapy delay and triggering the delivery of one or more burst 
pacing pulse within the refractory period; and 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patienf s heart and improve 
the heart failure state. 



20. The method of Claim 17, wherein the reference blood pressure value 
provided in step (c) and the extasystolic blood pressure values provided in step (g) are 
blood pressure rate of change values. 

21 . The method of Claim 17, wherein the reference blood pressure value 
provided in step (c) and the extrasystolic blood pressure values provided in step (g) are 
systolic blood pressure rate of change values. 
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22. The method of Claim 17, wherein the reference blood pressure value 
provided in step (c) and the extrasystolic blood pressure values provided in step (g) are 
diastolic blood pressure rate of change values. 

23. Hie method of Claim 17, wherein the reference blood pressure value 
provided in step (c) and the extrasystolic blood pressure values provided in step (g) are 
systolic and diastolic blood pressure values, and further comprising the steps of: 

(1) storing the determined systolic and diastolic data points referenced to the 
extrasystolic interval as the mechanical restitution parameter; and 

(m) retrieving the stored mechanical restitution parameter to enable a 
determination of the state of heart failure of the patient's heart. 

24. In an implantable medical device, a method of monitoring the state of heart 
failure as a function of the mechanical restitution of the heart of a heart failure patient, „ 
deriving a mechanical restitution parameter, and delivering a therapy comprising the steps 
of: 

(a) timing out a pacing escape interval; 

(b) selectively generating and applying a pacing pulse to at least one heart chamber 
to effect a contraction of the heart chamber upon time out of me pacing escape interval to 
commence a paced heart cycle; ( 

(c) measuring blood pressure within the heart chamber during a paced heart cycle 
and providing a reference systolic blood pressure value and diastolic blood pressure value; 

(d) establishing an extrasystolic escape interval; 

(e) timing the extrasystolic escape interval from a previously generated and applied 
pacing pulse; 

(f) generating and applying electrical stimuli to the at least one heart chamber at 
the time out of the extrasystolic escape interval to induce post-extrasystolic potentiation 
increasing the strength of contraction of the heart chamber; 

(g) measuring blood pressure within the heart chamber during the heart cycle in 
which the elecuical stimuli is applied and providing an extrasystolic systolic blood 
pressure value and diastolic blood pressure value; 
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00 Processing each extrasystolic systolic blood pressure value with said reference 
systohc blood pressure value and each -extrasystolic diastolic blood pressure value with 
satd reference diastolic blood pressure value to determine systohc and diastolic data points 
referenced to the extrasystolic interval; 

(i) incrementing the extrasystolic escape interval; 

© repeating steps (e) through (i) a predetermined number of times to obtain a 
plurality of sets of post-extrasystolic systolic blood pressure value and diastolic blood 
pressure values at a plurality of extrasystolic escape intervals; and 

(k) in response to a determined mechanical restitution parameter, providing a 
therapy during a heart cycle to increase the strength of contraction of the patient's heart 
and improve the heart failure state. 



25. The method of Claim 24, wherein the processing step (h) further comprises 
dmdmg the extrasystolic systolic blood pressure value by the reference systolic blood 
pressure value and dividing the extrasystolic diastolic blood pressure value by the 
reference diastolic blood pressure value. 

26. The method of Claim 24, further comprising the steps: 

(1) storing the determined systolic and diastolic data points referenced to the 
extrasystolic interval as the mechanical restitution parameter; and 

(m) retrieving the stored mechanical restitution parameter to enable a 
determination of the state of heart failure of the patient's heart. 

27. The method of Claim 24, wherein step (k) further comprises providing a 
burst pacmg therapy during a heart cycle to increase the strength of contraction of the 
patient's heart and improve the heart failure state. 

28. The method of Claim 27, wherein step (k) further comprises the steps of 
establishing a therapy delay timed from a pacing pulse or sensed event that lapses 

withm the refractory period of the heart but outside the vulnerable period of the heart a 
therapy burst pulse number X, and a therapy pulse separation interval between each pulse 
of a therapy burst of X pulses; 
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timing out the therapy delay and triggering the delivery of one or more burst 
pacing pulse within the refractory period; and 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart and improve 
the heart failure state. 

29. In an implantable medical device, apparatus for monitoring the state of 
heart failure as a function of the mechanical restitution of the heart of a heart failure 
patient, deriving a mechanical restitution parameter, and providing a therapy comprising: 

means for timing out a pacing escape interval; 

pulse generating means for selectively generating and applying a pacing pulse to at 
least one heart chamber to effect a contraction of the heart chamber upon time out of the 
pacing escape interval to commence a paced heart cycle; 

means for measuring blood pressure within the heart chamber during a paced heart 
cycle and providing a reference blood pressure value; 

means for establishing an extrasystolic escape interval; 

means operable following provision of the reference blood pressure value for 
(I) timing the extrasystolic escape interval from a previously generated and 

applied pacing pulse; 

(ii) selectively generating and applying electrical stimuli to the at least one 
heart chamber at the tune out of the extrasystolic escape interval to induce post- 
extrasystolic potentiation increasing the strength of contraction of the heart chamber; 

(iii) measuring blood pressure within the heart chamber during the heart cycle 
in which the electrical stimuli is applied and providing an extrasystolic blood pressure 
value; 

(iv) processing the extrasystolic blood pressure value with said reference 
systolic blood pressure value to determine a plotted data point of the mechanical 
restitution parameter of the heart chamber con-elated to the extrasystolic interval; 

(v) incrementing the extrasystolic escape interval; and 

(vi) repeating operations (i) through (v) a predetermined number of times to 
obtain a plurality of plotted data points from the extrasystolic blood pressure values at the 
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plurafty of ex^Bc escape ^ , he mechan . cal 

and ? 

therapy delivery means responsive to a determined mechanical restitution 
parameter for operating said pulse generating means in a therapy delivery mode to 
increase the strength of contraction of the patient's heart and improve the heart failure 



state. 



30. The implantable medical device of Claim 29, wherein the reference blood 
pressure value and the extrasystolic blood pressure values are blood pressure rate of 
change values. 



31. The implantable medical device of Claim 29, wherein the reference blood 
pressure value and the extrasystolic blood pressure values are systolic blood pressure rate 
of change values. 



32. The implantable medical device of Claim 29, wherein the reference blood 
pressure value and the extrasystolic blood pressure values are diastolic blood pressure rate 
of change values. 

33. The implantable medical device of Claim 29, wherein the processing 
operation former comprises dividing the extrasystolic blood pressure value by the 
reference blood pressure value. 

34. The implantable medical device of Claim 29, further comprising: 
means for storing the derived mechanical restitution parameter; and 
means for retrieving the stored mechanical restitution parameter to enable a 

determination of the state of heart failure of the patient's heart. 

35. The implantable medical device of Claim 34, wherein said therapy delivery 
means further comprises: 

means for establishing a therapy delay timed from a pacing pulse or sensed event 
that lapses within the refractory period of the heart but outside the vulnerable period of the 
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heart, a therapy hurst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
hurst pacing pulse within the refractory period; and 

means for timing out the pulse separation interval for each of the remaining burst 
pacing pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractor}' period to increase the strength of contraction of the patient's heart. 

36. The implantable medical device of Claim 29, wherein said therapy delivery 

means further comprises: 

means for establishing a therapy delay tuned from a pacing pulse or sensed event 
that lapses within the refractory period of the heart but outside the vulnerable period of the 
heart, a therapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
burst pacing pulse within the refractory period; and 

means for timing out the pulse separation interval for each of tire remaining burst 
pacing pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart. 

37. In an implantable medical device, a method of monitoring the state of heart 
failure as a function of the mechanical restitution of the heart of a heart failure patient and 
delivering a therapy comprising the steps of: 

(a) determining a stable heart rate of a heart chamber having a heart cycle escape 

interval; 

(b) determining an extrasystolic escape interval; 

(c) timing out the extrasystolic escape interval during the heart cycle escape 
interval; 

(d) selectively generating and applying an extrasystolic electrical stimulus to the 
heart chamber at the time out of the extrasystolic escape interval to induce post- 
extrasystolic potentiation increasing the strength of contraction of the heart chamber; 
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(e) measuring blood pressure within a heart chamber over at least a portion of a 
heart cycle and providing a blood pressure value; 

(f) repeating steps (b) - (e) for a predetermined series of heart cycles, each time 
changing the extrasystolic escape interval in step (b), to accumulate a series of blood 
pressure measurements in step (e); 

(g) determining a mechanical restitution parameter of the heart chamber from the 
accumulated series of blood pressure measurements representing the mechanical response 
of the heart chamber to the electrical stimuli applied to the heart chamber prematurely at 
differing extrasystolic escape intervals during the plurality of heart cycles; and 

00 in response to a determined mechanical restitution parameter, providing a 
therapy during a heart cycle to increase tire strength of contraction of the patient's heart 
and improve the heart failure state. 

38. The method of Claim 37, wherein step (h) further comprises providing a 
burst pacmg therapy during a heart cycle to increase the strength of contraction of the 
patient's heart and improve the heart failure state. 

39. Tire method of Claim 38, wherein step (h) further comprises the steps of 
establishing a therapy delay timed from a pacing pulse or sensed event that lapses 

within the refractory period of the heart but outside Hie vulnerable period of the heart a 
therapy burst pulse number X, and a therapy pulse separation interval between each pulse 
of a therapy burst of X pulses; 

timing out the therapy delay and triggering the delivery of one or more burst 
pacmg pulse within the refractory period; and 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse outside of the" 
refractory period to increase the strength of contraction of the patient's heart 
and improve the heart failure state. 

40. In an implantable medical device, a method of monitoring the state of heart 
failure as a function of the recirculation fraction of the heart of a heart failure patient and 
delivering a therapy comprising the steps of: 
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determining a stable heart rate of a heart chamber having a heart cycle escape 
interval; 

determining an extrasystolic escape interval; 

timing out the extrasystolic escape interval during the heart cycle escape interval; 

selectively generating and applying an extrasystolic electrical stimulus to the heart 
chamber at the time out of the extrasystolic escape interval to induce post-extrasystolic 
potentiation increasing the strength of contracti on of the heart chamber; 

during a series of heart cycles following the application of the extrasystolic 
electrical stimulus to the heart chamber, measuring an index of the strength of contraction 
of the heart chamber over at least a porribn of a heart cycle and providing a strength of 
contraction value; 

determining a recirculation fraction parameter of the heart chamber from the 
accumulated series of strength of contraction values representing the mechanical response 
of the heart chamber to the electrical stimuli applied to fee heart chamber prematurely at 
expiration of the extrasystolic escape interval; and 

in response to a determined mechanical restitution parameter, providing a therapy 
during a heart cycle to increase the strength of contraction of the patient's heart and 
improve the heart failure state. 

41 . The method of Claim 40, wherein the step of measuring an index of the 
strength of contraction comprises measuring blood pressure and deriving a blood pressure 
value. 

42. The method of Claim 39, wherein the therapy delivery step further 
comprises providing a burst pacing therapy during a heart cycle to increase the strength of 
contraction of the patient's heart and improve the heart failure state. 

43 . Tire method of Claim 42, wherein the therapy delivery step further 

comprises the steps of: 

establishing a therapy delay timed from a pacing pulse or sensed event that lapses 
within the refractory period of the heart but outside the vulnerable period of the heart, a 
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tterap, W pulse number x , and . ^ ^ ^ 
of a therapy burst of X pulses; 

nnung out the therapy delay and triggering the delivery of one or more burst 
pacmg pulse within the refractory period; and 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart 
and improve the heart failure state. 

44. The method of Claim 43, wherein the step of measuring an index of the 
sfrength of contraction comprises measuring blood pressure and deriving a blood pressure 



45 . In an implantable medical device, apparatus for i 



' monitoring the state of 
a S . ftacfen of tte reoircu , ation fractjon of (he ^ of a ^ fato 

and delivering a therapy comprising: 

means for determining a stable heart rate of a heart chamber having a heart cycle 
escape interval; 

means for determining an extrasystolic escape interval; 

means for timing out the extrasystolic escape interval during the heart cycle escape 
interval; F 

means for selectively generating and applying an extrasystolic electrical stimulus 
to the heart chamber at the time out of the extrasystolic escape interval to induce post- 
extrasystohc potentiation increasing the strength of contraction of the heart chamber- 
means operable during a series of heart cycles following the application of the 
extrasystolic electrical stimulus to the heart chamber for measuring an index of the 
strength of contraction of the heart chamber over at least a portion of a heart cycle and 
providing a sftength of contraction value; 

means for determining a recirculation fraction parameter of the heart chamber from 
the accumulated series of strength of contraction values representing the mechanical 
response of the heart chamber to the electrical stimuli applied to the heart chamber 
prematurely at expiration of the extrasystolic escape interval; and 
blood pressure, volume or geometry change, acceleration if an accelerometer 
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therapy delivery means operable in response to a determined mechanical restitution 
parameter for providing a therapy during a heart cycle to increase the strength of 
contraction of the patient's heart and improve the heart failure state. 

46. The implantable medical device of Claim 45, wherein the therapy delivery 
means further comprises means for providing a burst pacing therapy during a heart cycle 
to increase the strength of contraction of the patient's heart and improve the heart failure 
state. 

47. The implantable, medical device of Claim 46, wherein the therapy delivery 

means further comprises: 

means for establishing a therapy delay tuned from a pacing pulse or sensed event 
that lapses within tire refractory period of the heart but outside the vulnerable period of the 
heart, a therapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
burst pacing pulse within the refractory period; and 

means for timing out the pulse separation interval for each of the remaining burst 
pacing pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart. 

48 . In an implantable medical device, a system for monitoring the state of heart 
failure as a function of the recirculation fraction of the heart of a heart failure patient and 

delivering a therapy comprising: 

pacing pulse generating means for selectively generating and applying a pacing 
pulse to at least one heart chamber to effect a contraction of the heart chamber 
commencing a paced heart cycle; 

extrasystolic escape interval tuning means for timing an exrrasystolic escape 
interval from a previously generated and applied pacing pulse; 

exrrasystolic stimuli generating means for selectively generating and applying an 
electrical stimulus to the at least one heart chamber at the time out of the exrrasystolic 
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escape interval to induce post-extiasystobo potentktfon ^ 
coritraction of the heart chamber; 

Wood pressure measuring means for measuring Mood pressure within a hear, 
chamber over a. leas, a portion of a hear, cycie and providing measured Wood pressure 

recirculation traction parameter deriving means for selectively enabling operation 
of sard pacnrg puise generating means «„ generate and apply pacing p„ lses to to ta 
chamber, said extiaaystolfc escape interval timing means to time ou« a predetermined 
extrasystolio escape interval following an applied pacing pulse, said ex.rasys.olic stimuli 
generating means «o generate and apply an extiasysfolic stimulus te foe hear, chamber a, 
tire time on, of foe extiasyafolte escape intetval, and said blood pressure manuring means 
to detennme a recirculation fraction blood pressure value representing foe feme of 
contraction of foe hear, chamber in foe hear, cycle in which foe extiasyatolie stimuli is 
apphed and in a predetermined number of heart cycles following foe hear, cycle in which 
foe extrasystolie stimuli is appHed, whereby a data set of such determined blood pressure 
vetoes ts derived foa, represents foe recirculation fraction parameter of foe hem chamber 
and ' 

therapy delivery means responsive to a determined recirculation fraction parameter 
for operating said pulse generating means in a burst pacing therapy delivery mode to 
increase the strength of contraction of the patient's heart and improve the heart failure 



state 



49. 



The implantable medical device of Claim 48, wherein the therapy delivery 
means further comprises: 

means for establishing a therapy delay timed from a pacing pulse or sensed event 
that lapses within the refractory period of the heart but outside the vulnerable period of the 
heart, a therapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of oneormore 
burst pacing pulse within the refractory period; and 
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means for timing out the pulse separation interval for each of the remaining burst 
pacing pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart. 

50. The implantable medical device of Claim 48, further comprising: 
means for storing the derived recirculation fraction parameter; and 
means for retrieving the stored recirculation fraction parameter to enable a 

determination of the state of heart failure of the patient' s heart. 

51. In an implantable medical device, a method of monitoring the state of heart 
failure as a function of the recirculation fraction of the heart of a heart failure patient and 
delivering a therapy comprising tire steps of: 

selectively generating and applying a pacing pulse to at least one heart chamber to 
effect a contraction of the heart chamber commencing a paced heart cycle; 

timing an extrasystolic escape interval from a previously generated and applied 
pacing pulse; 

selectively generating and applying an electrical stimulus to the at least one heart 
chamber at tire time out of the extrasystolic escape interval to induce post-extrasystolic 
potentiation increasing the strength of contraction of the heart chamber; 

measuring blood pressure within a heart chamber over at least a portion of a heart 
cycle and providing measured blood pressure values to determine a recirculation fraction 
blood pressure value representing the force of contraction Of the heart chamber in the heart 
cycle in which the extrasystolic stimuli is applied and in a predetermined number of heart 
cycles following tire heart cycle in which the extrasystolic stimuli is applied, whereby a 
data set of such determined blood pressure values is derived that represents the 
recirculation fraction parameter of the heart chamber; and 

in response to a determined mechanical recirculation fraction parameter, providing 
a burst pacing therapy during a heart cycle to increase the strength of contraction of the 
patient's heart and improve the heart failure state. 
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52. 



The method of Claim 51, wherein the therapy delivery step further 
corpses ^ 

contractu* of the patient's heart and improve the heart failure state. 

53. The method of Claim 52, wherein the therapy delivery step further 
comprises the steps of: 

r b rr a taapy deiay amed * pacing ^ ° r — 

Wtfta, the teftaotory penod of the heart bat oatside the vulnerable period of the hear, a 
of a therapy burst of X pulses; 

timing out the therapy delay and triggering the delivery of one or more burst 
pacmg pulse within the refractory period; and 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart 
and rmprove the heart failure state. 

54. The method of Claim 51, further comprising the steps of: 
storing the derived recirculation fraction parameter; and 

retrieving the stored recirculation fraction parameter to enable a determination of 
the state of heart failure of the patient's heart. 

55. m an implantable medical device, a system for monitoring the state of heart 
farlure as a function of the relaxation time constant (tau) of the heart of a heart failure 
patient during a heart cycle and providing a therapy comprising- 

blood pressure measuring means for periodically measuring blood pressure within 
a heart chamber over at least a portion of a heart cycle and providing a set of measured 
Mood pressure values including blood pressure (P) and rate of change of blood pressure 

means for determining the minimum value of the rate of change of blood pressure 
among the set of rate of change of blood pressure values- 
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means for detemiining the time in the measured heart cycle of the determined 
minimum value of the rate of change of blood pressure: 

means for deriving a tau parameter as a function of a set of samples of blood 
pressure values within a time window measured from the determined time in the measured 
heart cycle of the determined minimum value of the rate of change of blood pressure; 

pulse generating means for delivering electrical stimulation to he patient's heart; 

and 

therapy delivery means responsive to a determined tau parameter for operating said 
pulse generating means in a therapy delivery mode to increase the strength of contraction 
of the patient's heart and improve the heart failure state. 

56. The implantable medical device of Claim 55, wherein the therapy delivery 
means further comprises means for providing a burst pacing therapy during a heart cycle 
to increase the strength of contraction of the patient's heart and improve the heart failure 
state. 

57. The implantable medical device of Claim 56, wherein said therapy delivery 

means further comprises: 

means for establishing a therapy delay timed from a pacing pulse or sensed event 
mat lapses within tire refractory period of fee heart but outside the vulnerable period of the 
heart, a therapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
burst pacing pulse within the refractory period; and 

means for timing out the pulse separation interval for each of the remaining burst 
pacing pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart. 

58. The implantable medical device of Claim 55, further comprising: 
means for storing the derived tau parameter; and 

means for retrieving the stored tau parameter to enable a determination of the state 
of heart failure of tire patient's heart. 
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59. The implantable medical device of Claim 55, farther comprising- 
means for timing out a pacing escape interval; 

mea - f -^neratm g anda PP l y mgapacingpul S etoatlea S tonehea rt chamber to 
effect a contraction of the heart chamber upon time out of thepacing escape interval to 
commence paced heart cycles; and 

moans for enabling said blood pressure measuring means for measuring blood 
pressure within the heart chamber during a paced heart cycle. 

60. In an implantable medical device, a method of monitoring the state of heart 
fanure as a function of the relaxation time constant (tau) of the heart of a heart failure 
panent over- a heart cycle and delivering a therapy comprising the steps of: 

periodically measuring blood pressure within a heart chamber over at least a 
portion of the heart cycle and providing a set of measured blood pressure values including 
blood pressure (P) and rate of change of blood pressure (dP/dt); 

detetmining the minimum value of the rate of change of blood pressure among the 
set of rate of change of blood pressure values; 

determining the time in the measured heart cycle of the determined minimum value 
of the rate of change of blood pressure; 

deriving a tau parameter as a function of a set of samples of blood pressure values 
wxtmn a time window measured from the determined time in the measured heart cycle of 
the determmed minimum value of the rate of change of blood pressure; and 

in response to a determined tau parameter, providing a pacing therapy during a 
heart cycle to increase the strength of contraction of the patient's heart and improve the 
heart failure state. 



61 • The method of Claim 60, further comprising the steps of: 
storing the derived tau parameter; and 

retrieving the stored tau parameter to enable a determination of the state of heart 
failure of the patient's heart. 
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62 . Tlie method of Claim 60 , wherein the therapy delivery step further 
comprises providing a burst pacing therapy during a heart cycle to increase the strength of 
contraction of the patient's heart and improve the heart failure state. 

63 . The method of Claim 60, wherein the therapy deliver}' step further 

comprises the steps of: 

establishing a therapy delay timed from a pacing pulse or sensed event that lapses 
within the refractory period of the heart but outside the vulnerable period of the heart, a 
therapy burst pulse number X, and a therapy pulse separation interval between each pulse 
of a therapy burst of X pulses; 

timing out the therapy delay and triggering the delivery of one or more burst 
pacing pulse within the refractory period; and 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart 
and improve the heart failure state. 

64. The method of Claim 60, wherein the blood pressure measuring step further 

comprises the steps of: 

timing out a pacing escape interval; 

generating and applying a pacing pulse to at least one heart chamber to effect a 
contraction of the heart chamber upon time out of the pacing escape interval to commence 

paced heart cycles; and 

enabling said blood pressure measuring means for measuring blood pressure within 

the heart chamber during a paced heart cycle. 

65. hi an implantable medical device, a system for monitoring the state of heart 
failure of the heart of a patient as a function of the elastance of the heart and providing a 

therapy comprising: 

means for defining a heart cycle; 

heart chamber volume measuring means for measuring the volume of a heart 
chamber over at least a portion of a heart cycle and providing a chamber volume value; 
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blood pxessure measuring means for measuring blood pressure within a heart 

elastance parameter deriving means for deriving an elastance parameter 
representing the slope of plotted sets of end systolic blood pressure versus end systolic 
chamber volume over a plurality of heart cycles further comprising- 

(a) means for operating said blood pressure measuring means and said heart chamber 
volume measuring means to make N blood pressure (P) measurements and N volume (V) 
measurements of the heart chamber at a predete mi ined sample rate over a series of heart 
cycles followmg a natural, intrinsic, or paced depolarization of the heart chamber 

(b) means for selecting the end systolic blood pressure (P ES ) measurements and end 
systolic volume (V ES ) measurements at the end systolic point in each heartcycle; 

(c) means for establishing a threshold correlation coefficient R 2- 

(d) means for accumulating n sets of end systolic [P ES , v ES ] data points; 

(e) means for performing a linear regression of the «„» sets of [P ES . V Es] data points to 
denve the slope of the sampled data set, a sample correlation coefficient R and a sample 
squared correlation coefficient R2 ; 

(f) means for comparing the sample squared correlation coefficient R 2 to the threshold 
squared correlation coefficient R2 ; an d 

(g) means for storing the derived slope as the end systolic elastance if the sample squared 
correlation coefficient R 2 exceeds the threshold squared correlation coefficient R 2 • and 

therapy delivery means responsive to a determined end systolic elastance 
parameter for operating the implantable medical device in a therapy delivery mode to 
mcrease the strength of contraction of the patient's heart and improve the heart failure 
state 



66. The implantable medical device of Cairn 65, wherein fte tapy delivery 
means fum.ec comprises means for providing a burs, pacing merapy during a bear, cycle 

state. 



r ' a ULn * 1 P<*^ng merapy during a heart cycle 
to mcrease me smengm of oonbacnon of m. pahenf s bear, and improve me heart failure 
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61. The implantable medical device of Claim 66, wherein said therapy delivery 

means further comprises: 

means for establishing a therapy delay rimed from a pacing pulse or sensed event 
that lapses within the refractory period of the heart but outside the vulnerable period of the 
heart, a therapy burst pulse number X, and a therapy pulse separation interval between 
each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering the delivery of one or more 
burst pacing pulse within the refractory period; and 

, means for timing out the pulse separation interval for each of tire remaining burst 
pacing pulses and triggering the delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart. 

68 . The implantable medical device of Claim 65, wherein the means for 
defining a heart cycle further comprises 

means for timing out a pacing escape interval; and 

means for generating and applying a pacing pulse to at least one heart chamber to 
effect a contraction of the heart chamber upon time out of the pacing escape interval to 
commence paced heart cycles; and 

69. The implantable medical device of Claim 65, further comprising means for 
retrieving the stored elastance parameter to enable a determination of tire state of heart 
failure of the patient's heart. 

70. The implantable medical device of Claim 65, wherein the means for 
denning a heart cycle farther comprises electrical signal sense means for sensing the 
electrical signals of the heart in said at least one heart chamber and providing a sense 
event signal signifying the contraction of the heart commencing a heart cycle. 

7 1 . The implantable medical device of Claim 65 , wherein the end systolic 
elastance parameter deriving means further comprises: 

means operable if the sample squared correlation coefficient does not exceed 
the threshold squared correlation coefficient R2 for continuously operating means (a) - (f) 
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until 



to devCop the V sets of [P BS , v ES ] data points wheK ^ ^ ^ rf 

Points is rep,aoed by fte newes( se( of ffEs _ ^ jate ^ m ^ ^ ^ 

sample squared coefficient R2 exceeds faeshoM ^ comhtim 

coefficient and for ften operating ^ fe) ^ ^ ^ ^ ^ ^ ^ ^ 

systolic elastance when the satnp,e sq „ared corretatton coefficient R2 exceeds the 
threshold squared correlation coefficient R2. 

72 In an implantable medical device, a method of monitoring the state of heart 

therapy comprising the steps of: g 
defining a heart cycle; 

measuring the volume of a heart chamber over a, baa, a portion of a heat, cycle 
and providing a chamber volume value; 

---"^.oodpressute^hmaheartehantheroveratieastaportionofahear, 
cycle and providing a blood pressure value; and 

deriving an elasance parameter representing the slope of plotted sets of end 
aystohc hlood pressure versus end systolic chamber volant, over a ptaultty of heart cycies 
further comprising the steps of: 

(a) operating said blood pressure measuring means and said heart chamber volume 
measuring means to make N blood pressure (P) measurements and N volume (V) 
—nentsofthe heart chamber at a predetennined sample rate over a series of beart 
cycles following a natural, intrinsic, or paced depolarization of the heart chamber 

(b) -^theendsys^^ 

volume (V ES ) measurements at tire end systolic point in each heart cycle; 
. (c) establishing a. threshold correlation coefficient R2; 

(d) accumulating n sets of end systolic [P ES , v ES J data points; 

(e) performing a linear regression of the «n" se t s of [P ES , v ES ] data points to derive the 
slope of the sampled data set, a sample con-elation coefficient R and a sample squared 
correlation coefficient R2 • 
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(f) comparing the sample squared con-elation coefficient R- to the threshold squared 
correlation coefficient R 2 ; and 

(g) storing the derived slope as the end systolic elastance if the sample squared con-elation 
coefficient R 2 exceeds the threshold squared correlation coefficient R- ; and 

in response to a determined end systolic elastance parameter, providing a therapy 
to increase the strength of contraction of the patient's heart and improve the heart failure 
state. 

73 . The method of Claim 72, further comprising the step of retrieving tire 
stored elastance parameter to enable a determination of the state of heart failure of the 
patient's heart. 

74. The method of Claim 72, wherein the therapy delivery step further 
comprises providing a burst pacing therapy during a heart cycle to increase the strength of 
contraction of the patient's heart and improve the heart failure state. 

75 . The method of Claim 74, wherein the therapy delivery step further 

comprises the steps of: 

establishing a therapy delay timed from a pacing pulse or sensed event that lapses 
within the refractory period of the heart but outside the vulnerable period of the heart, a 
therapy burst pulse number X, and a therapy pulse separation interval between each pulse 
of a dierapy burst of X pulses; 

timing out the therapy delay and triggering the delivery of one or more burst 

pacing pulse within the refractory period; aud 

timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering me delivery of at least one burst pacing pulse outside of the 
refractory period to increase the strength of contraction of the patient's heart 
and improve the heart failure state. 

76. The method of Claim 72, wherein the step of defining a heart cycle further 

comprises the steps of: 

timing out a pacing escape interval; and 
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generating and applying a pacing pulse to at least one heart chamber to effect a 
contraction of die heart chamber upon time out of the pacing escape interva, to commence 
paced heart cycles. 



77. The method of Claim 72, wherein the step of defining a heart cycle further 
comprises the step of sensing the electrical signals of the heart in said at least one heart 
chamber and providing a sense event signal signifying the contraction of the heart 
commencing a heart cycle. 

78. The method of Claim 72, wherein the end systolic elastance parameter 
deriving step further comprises the steps of: 

continuously repeating steps (a) - (f) to develop the «n» sets of [P ES , V ES ] data 
points where the oldest set of [P ES , V ES ] data points is replaced by the newest set of 
PES . V ES ] data points on a FIFO basis until die sample squared correlation coefficient 
R2 exceeds the threshold squared correlation coefficient R2 i„ step (f) ; and 

storing the derived slope in step (g) as the end systolic elastance when the sample 

squared correlation coefficient R 2 exceeds the threshold squared correlation coefficient R 2 
in step (f). 

79. In an implantable medical device having pacing means for delivering a 
pacing pulse to the heart and means for sensing a heart signal and providing a sensed event 
a -spouse thereto, a method of providing a therapy to increase the strength of contraction 
of the patient's heart and improve the heart failure state comprising the steps of: 

establishing a therapy delay timed from a pacing pulse or sensed event that lapses 
within the refractory period of the heart but outside the vulnerable period of the heart a 
dierapy burst pulse number X, and a therapy pulse separation interval between each pulse 
of a therapy burst of X pulses; 

timing out the therapy delay and triggering the delivery of one or more burst 
pacing pulse witiiin the refractory period; and 
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timing out the pulse separation interval for each of the remaining burst pacing 
pulses and triggering the delivery of at least one burst pacing pulse after the refractory 
period ends to increase the strength of contr action of the patient's heart 
and improve the heart failure state, 

SO. The method of Claim 79, wherein the step of timing out the pulse 
separation interval further comprises timing out a pulse separation interval between the 
last burst pacing pulse delivered within the refractory period and the next burst pacing 
pulse that avoids delivering a burst pacing pulse within the vulnerable period of the heart. 

81. The method of Claim 80, wherein burst pacing pulses delivered after 
expiration of the refractory period have an energy sufficient to capture the heart and to 
cause it to depolarize, and burst pacing pulses delivered during the refractory period have 
an energy exceeding tire energy of die burst pacing pulses delivered after expiration of the 
refractory period. 

82. The method of Claim 79, wherein burst pacing pulses delivered after 
expiration of tire refractory period have an energy sufficient to capture the heart and to 
cause it to depolarize. 

S3 . An implantable medical device for providing a therapy to increase the 
strength of contraction of the patient's heart and improve the heart failure state comprising: 

pacing pulse generator means for delivering a pacing pulse to the heart; 

means for sensing a heart signal and providing a sensed event in response thereto 

means for timing out a therapy delay from a pacing pulse or sensed event that 
lapses within the refractory period of the heart but outside the vulnerable period of the 
heart; and 

means for operating said pacing pulse generator means to deliver a therapy burst of 
X electrical pulses during a therapy delivery period starring upon time out of toe therapy 
delay and ending after the vulnerable period of the heart, whereby the delivery of at least 
one burst pacing pulse occurs during the refractory period and is ineffective to capture the 
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heart and a, .east one pulse is delivered ate me Ie&actory period mdSj ^ 
therapy burst increasing , he stra , gth „f contraction of the patient's heart. 

hnttng on, a p„,se separation intorval between Are ,as, bnrs, pacing p„,se delivered wimin 
me refractory period and the next burst pacing pulse ma, avoids delivering a burs, pacing 
pulse within the vulnerable period of the heart. 

85. The implantable medical device of Claim 84, wherein burstpacmg pulses 
dehvered after expiration of ft. reftactory period have an energy sufficient to cpture the 
hear, and to cause i„o depdanze, and buret pacing plUs e S delivered during merehactoty 

penod have an energy exceeding the ene^y of the buret pacing pulses delivered after 

expiration of the refractory period. 

86. Theim P l m tablemedicaldeviceofCWm83,whereinbure,p K iugp„ lses 
dehvered after expiration of the refractory period have ,„ energy sufficient ,„ capture the 
heart and to cause it to depolarize. 
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(57) Abstract: An implantable stimulator and monitor measures a yroup of heart failure parameters indicative of the stale of heart 
failure employing EGM signals, measures of blood pressure including absolute pressure P, developed pressure (DP = systolic P 
diastolic P). and/or dP/dL and measures of heart chamber volume (V ) over one or more cardiac cycles. These parameters include: 
( 1 ) relaxation or contraction time constant lau (l): (2) mechanical restitution (MR), ic., the mechanical response of a heart chamber 
to premature stimuli applied to the heart chamber; (3) recirculation fraction ( RF), i.e., the rate of decay of PESP effects over a series 
of the heart cycles: and (4) end systolic elastancc (E,: S ), i.e., the ratios of end systolic blood pressure P to volume V. These heart 
failure parameters Lire determined periodically regardless of patient posture and activity level. The physician can determine whether a 
particular therapy is appropriate, prescribe the therapy for a period of lime while again accumulating the sLored paticni data for a later 
review and assessment to determine whether the applied therapy is beneficial or not, thereby enabling periodic changes in therapy, if 
appropriate. Drug therapies and electrical stimulation therapies, including PESP stimulation., and pacing therapies including single 
chamber, dual chamber and multi-chamber (bi-airial and/or bi-veniricular ) pacing can be delivered. In patient's prone to malignant 
tachyarrhythmias, the assessment of heart failure state can be laken into account in selling parameters of detection or classification 
of tachyarrhythmias and the therapies that are delivered. 
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AMENDED CLAIMS 

[received by the International Bureau on 22 November 2002 (22. 1 1 .2002)- 
original claims 1-16 amended; remaining claims unchanged (9 pages)] 

1 • In an implantable medical device, a system for monitoring the state of 
heart failure of the heart of a heart failure patient and delivering a therapy 
characterized by: 

pulse generating means (150) for selectively generating and applying a pacing 
5 pulse to at least one heart chamber to effect a contraction of thei heart chamber 

commencing a heart cycle and for selectively generating and applying an extrasystolic 
electrical stimulus to the at least one heart chamber at the time iut of an extrasystolic 
escape interval to induce post-extrasystolic potentiation increasing the strength of 
contraction of the heart chamber; 
10 electrical signal sense means (108) for sensing the electrical signals of the 

heart in said at least one heart chamber and providing a sense eyent signal signifying 
the contraction of the heart commencing a heart cycle; 

heart chamber volume measuring means (170, 172, 174; 176) for measuring 
the volume of a heart chamber over at least a portion of a heart fcycle and providing a 
15 chamber volume value; 

blood pressure measuring means (160>for measuring blbod pressure within a 
heart chamber over at least a portion of a heart cycle and providing a blood pressure 
value; 

parameter deriving means (162) for selectively enabling! operation of said 
pulse generating means, said electrical signal sense means, said! heart chamber volume 
measuring means, and said blood pressure measuring means foi periodically deriving 
a plurality of heart failure parameters signifying the state of heaVt faUure from 
selected measured values of chamber volume and blood pressure, the heart failure 
parameters including: 



20 



25 



30 



a tau parameter representing one of a relaxation andj'contraction time 
constant of the heart chamber, 

a mechanical restitution parameter representing the mechanical response of 
a heart chamber to electrical stimuli applied to the heart chainber prematurely at 
differing times during a plurality of heart cycles, 

a recirculation fraction parameter representing the increase in strength of a 
contraction of the heart chamber in response to an electrical stimuli applied to the 
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heart chamber during a heart cycle and the rate of decay of the increase in strength 
of successive contractions of the heart chamber over a series of heart cycles; and 

an elastance parameter representing the slope of plotted sets of end systolic 
blood pressure versus end systolic chamber volume over a plurality of heart 
5 cycles; and 

therapy delivery means (106) responsive to a determined heart failure 
parameter for operating said pulse generating means in a therapy delivery mode to 
increase the strength of contraction of the patients heart and improve the heart failure 
state. 

10 • 

2. The implantable medical device of Claim 1, characterized in that said 
therapy delivery means is further characterized by: 

means for establishing a therapy delay timed from a pacing pulse or sensed 
event that lapses within the refractory period of the heart but outside the vulnerable 
15 period of the heart, a therapy burst pulse number X, and a therapy pulse separation 
interval between each pulse of a therapy burst of X pulses; ' 

means for timing out the therapy delay and triggering the delivery of one or 
more burst pacing pulse within the refractory period; and 

means for riming out the pulse separation interval for eaph of the remaining 
20 burst pacing pulses and triggering the delivery of at least one burst pacing pulse 

outside of the refractory period to increase the strength of contraction of the patient's 
heart. 

3. The implantable medical device of Claim 1, characterized in that the 
25 tau parameter deriving means is further characterized by: 

means for operating said blood pressure measuring means to make N blood 
pressure (P) and rate of change (dP/dt) measurements in the heart chamber at a 
predetermined sample rate over a heart cycle following a natural, intrinsic, or paced 
depolarization of the heart chamber; 
30 means for determining dP/dt NUN and the time of dP/dtiMIN during the heart 

cycle; and 
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means for deriving the tau parameter at the time of dP/dt M1N as a function of 
a set of samples of pressure P and dP/dt within a time window measured from the 
time of dP/dt MIN. 

5 4. The implantable medical device of Claim 1, charactered in that the 

recirculation fraction parameter deriving means is further characterized by: 

means for operating said pulse generating means to provide fixed rate pacing 
directly or indirectly to a heart chamber to stabilize the heart rale of the heart chamber 
at a steady srate (SS) over a first predetermined number of paced SS heart cycles; 
10 means for operating said pulse generating means for presiding extrasystolic 

(ES) stimulation to a heart chamber after an extrasystolic interval timed from a pace 
pulse during each at least one paced ES heart cycle; 

means for operating said blood pressure measuring means to make N blood 
pressure (P) and rate of change (dP/dt) measurements in the heart chamber that is 
15 depolarized directly or indirectly by the delivered pacing pulses at a predetermined 
sample rate over at least a portion of a second predetermined number of paced heart 
cycles following the last paced ES heart cycle; 

means for determining maximum blood pressure rate ofch&nge (dP/dtMAX 
(ES)) during each of the second predetermined number of paced heart cycles 
20 following the last paced ES heart cycle, the determined dP/dt MAX (ES) values and 
the paced heart cycle numbers comprising an RF parameter data set, 

whereby each determined dP/dt MAX (ES) value of each stored RF parameter 
data set can be plotted in relation to the paced heart cycle number to exhibit the 
exponential decay of the dP/dt MAX (ES) values over time that reflects the decay in 
25 the PESP effect in the heart chamber after delivery of the ES stimulation. 

5. The implantable medical device of Claim 4, characterized in that the 
recirculation fraction parameter deriving means is further characterized by: 

means for operating said blood pressure measuring means to make N blood 
30 pressure (P) and rate of change (dP/dt) measurements in the heart chamber that is 
depolarized directly or indirectly by the delivered pacing pulse at a predetermined 
sample rate during at least one SS paced heart cycle; 



AMENDED SHEET (ARTICLE 19) 



78 



means for determining a maximum blood pressure rate of change (dP/dt MAX 
(SS)) during the SS heart cycle; and 

means for determining that the at least one determined dP/dt MAX (ES) value 
exceeds the dP/dt MAX (SS) value. 

6. The implantable medical device of Claim 1, characterized in that the 
end systolic elastance parameter deriving means for deriving thp slope of plotted sets 
of end systolic blood pressure versus end systolic chamber volume over a plurality of 
heart cycles is further characterized by: 

(a) means for operating said blood pressure measuring means and said heart 
chamber volume measuring means to make N blood pressure (I?) measurements and N 
volume (V) measurements of the heart chamber at a predetermined sample rate over a 
series of heart cycles following a natural, intrinsic, or paced depolarization of the 
heart chamber; 

(b) means for selecting the end systolic blood pressure (Pes ) measurements 
and end systolic volume (Ves ) measurements at the end systolic point in each heart 
cycle; 

(c) means for establishing a threshold correlation coefficient R~; 

(d) means for accumulating n sets of end systolic [Pes > Ves] d* ta points; 

(e) means for performing a linear regression of the "n" sets of [Pes , Vbs] data 
points to derive the slope of the sampled data set, a sample correlation coefficient R 
and a sample squared correlation coefficient R 2 ; 

(f) means for comparing the sample squared correlation coefficient R to the 
threshold squared correlation coefficient R 2 ; and 

(g) means for storing the derived slope as the end systolic elastance if the 
sample squared correlation coefficient R 2 exceeds the threshold squared correlation 
coefficient R 2 , 

7. The implantable medical device of Claim 6, characterized in that the 
end systolic elastance parameter deriving means is further characterized by: 

means operable if the sample squared correlation coefficient R 2 does not 
exceed the threshold squared correlation coefficient R 2 for continuously operating 
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means (a) - (f) to develop the V sets of [Pes , Ves] data points -where the oldest set of 
Pes i Ves] data points is replaced by the newest set of [Pes , V^] data points on a 
FIFO basis until the sample squared correlation coefficient R 2 exceeds the threshold 
squared correlation coefficient R 2 and for then operating means (g) for storing the 
5 derived slope as the end systolic elastance when the sample squared correlation 
coefficient R 2 exceeds the threshold squared correlation coefficient R 2 , 

8. The implantable medical device of Claim 1, characterized in that the 
mechanical restitution parameter deriving means is further characterized by: 
10 means for operating said pulse generating means to provide fixed rate pacing 

directly or indirectly to a heart chamber to stabilize the heart rate of the heart chamber 
at a steady state (SS) over a first predetermined number of paced SS heart cycles; 

means for operating said blood pressure measuring means to make N blood 
pressure measurements P and dP/dt in the heart chamber that is! depolarized direcdy or 
15 indirectly by the delivered pacing pulse at a predetermined sample rate during at least 
one SS paced heart cycle; . 

means for determining maximum blood pressure rate of! change (dP/dt MAX 
(SS)) during the SS heart cycle; 

means for operating said pulse generating means to provide fixed rate pacing 
20 and for providing extrasystolic (ES) stimulation at differing tided extrasystolic 

intervals timed from a pace pulse during each of a second predetermined number of 
paced ES heart cycles; 

means for operating said blood pressure measuring means to make N blood 
pressure measurements P and dP/dt in the heart chamber at a predetermined sample 
25 rate over at least a portion of each of the second predetermined jnumber of paced ES 
heart cycles; 

means for determining maximum blood pressure rate of; change (dP/dt MAX 
(ES)) during each ES heart cycle; and 

means for processing each determined dP/dt MAX (ES)jwith respect to the 
30 dP/dt MAX (SS) to derive mechanical restitution data sets from which the time 
constant of systolic restitution tc^c is derived/ 
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9. Id an implantable medical device, a system for monitoring the state of 
heart failure as a function of the mechanical restitution of the heart of a heart failure 
patient and delivering a therapy characterized by: 

means for determining a stable cardiac cycle of a heart chamber having a heart 
5 cycle escape interval; 

means for timing out an extrasystolic escape interval during the heart cycle 
escape interval; 

pulse generating means for selectively generating and applying an 
extrasystolic electrical stimulus to the heart chamber at the time out of the 
10 extrasystolic escape interval to induce post-extrasystolic potentiation increasing the 
strength of contraction of the heart chamber; 

blood pressure measuring means for measuring blood pressure within a heart 
chamber over at least a portion of a heart cycle and providing a;blood pressure value; 

mechanical restitution parameter deriving means for selectively enabling 
15 operation of said pulse generating means and said blood pressure measuring means 
for periodically deriving a mechanical restitution parameter representing the 
mechanical response of a heart chamber to the electrical stimuli applied to the heart 
chamber prematurely at differing extrasystolic escape intervals jduring a plurality of 
heart cycles; and 

20 therapy delivery means responsive to a determined heart failure parameter for 

operating said pulse generating means in a therapy delivery mojie to increase the 
strength of contraction of the patient's heart and improve the helart failure state. 

10. The implantable medical device of Claim 9, characterized in that said 
25 therapy delivery means is further characterized by: 

means for establishing a therapy delay timed from a paping pulse or sensed 
event that lapses within the refractory period of the heart but outside the vulnerable 
period of the heart, a therapy burst pulse number X, and a therapy pulse separation 
interval between each pulse of a therapy burst of X pulses; 
30 means for timing out the therapy delay and triggering tljie delivery of one or 

more burst pacing pulse within the refractory period; and 
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means for timing out the palse separation interval for each of the remaining 
burst pacing pulses and triggering the delivery of at least one burst pacing pulse 
outside of the refractory period to increase the strength of contraction of the patient's 
heart. 

5 

11. In an implantable medical device, a system for monitoring the state of 
heart failure as a function of the mechanical restitution of the heart of a heart failure 
patient and delivering a therapy characterized by: 

pacing pulse generating means for selectively generating and applying a 
10 pacing pulse to at least one heart chamber to effect a contraction of the heart chamber 
commencing a paced heart cycle; 

extrasystolic escape interval timing means for timing an extrasystolic escape 
interval from a previously generated and applied pacing pulse; 

extrasystolic stimuli generating means for selectively generating and applying 
15 electrical stimuli to the at least one heart chamber at the time out of the extrasystolic 
escape interval to induce post-extrasystolic potentiation increasing the strength of 
contraction of the heart chamber; 

blood pressure measuring means for measuring blood pressure within a heart 
chamber over at least a portion of a heart cycle and providing ablood pressure value; 
20 mechanical restitution parameter deriving means for selectively enabling 

operation of said pacing pulse generating means to generate and apply pacing pulses 
to the heart chamber, said extrasystolic escape interval timing means to time out a 
predetermined extrasystolic escape interval following predetermined applied pacing 
pulses, said extrasystolic stimuli generating means to generate and apply extrasystolic 
25 stimuli to the heart chamber at the time out of each extrasystolic escape interval, and 
said blood pressure measuring means to determine a blood pressure value 
representing the force of contraction of the heart chamber following each applied 
extrasystolic stimuli, whereby a data set of such determined blo'od pressure values 
correlated to the extrasystolic escape intervals is derived and represents the 
30 mechanical restitution parameter of che heart chamber; and 
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therapy delivery means responsive to a determined hear|t failure parameter for 
operating said pulse generating means in a therapy delivery mode to increase the 
strength of contraction of the patient's heart and improve the heprt failure state. 



5 12. The implantable medical device of Claim 11, cbiaracterized in that said 

therapy delivery means is further characterized by: 

means for establishing a therapy delay timed from a pacing pulse or sensed 
event that lapses within the refractory period of the heart but outside the vulnerable 
period of the heart, a therapy burst pulse number X, and a therapy pulse separation 
10 interval between each pulse of a therapy burst of X pulses; 

means for timing out the therapy delay and triggering chie delivery of one or 
more burst pacing pulse within the refractory period; and 

means for timing out the pulse separation interval for tdch of the remaining 
burst pacing pulses and triggering the delivery of at least one burst pacing pulse 
15 outside of the refractory period to increase the strength of contraction of the patient's 
. heart. 

13. The implantable medical device of Claim 1 1, characterized in that said 
determined blood pressure value is a maximal systolic blood pressure value, and said 
20 mechanical restitution parameter deriving means is further characterized by: 

means for enabling said blood pressure measuring me ails to sample blood 

i 

pressure in the heart chamber during a paced heart cycle in which extrasystolic stimuli 
are not applied to the heart chamber to derive a reference maximal systolic blood 
pressure value and to sample blood pressure in the heart chamber during each paced 
25 heart cycle following each applied extrasystolic stimulus to derive a plurality of 
extrasystolic maximal systolic blood pressure values; and 

means for normalizing each of said extrasystolic maximal systolic blood 
pressure values to said reference maximal systolic blood pressure value to derive a 
data set of normalized extrasystolic maximal systolic blood pressure values. 

30 
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14. The implantable medical device of Claim 11, characterized in that said 

i 

reference and extrasystolic maximal systolic blood pressure values are sampled blood 
pressure rate of change values. 

5 15. The implantable medical device of Claim 11, characterized in that said 

determined blood pressure value is a minimal diastolic blood pressure value, and said 
mechanical restitution parameter deriving means is further characterized by: 

means for enabling said blood pressure measuring means to sample blood 
pressure in the heart chamber during a paced heart cycle in which extrasystolic stimuli 
10 are not applied to the heart chamber to derive a reference minimal diastolic blood 
pressure value and to sample blood pressure in the heart chamber during each paced 
heart cycle following each applied extrasystolic stimulus to derive a plurality of 
extrasystolic minimal diastolic blood pressure values; and 

means for normalizing each of said extrasystolic minimal diastolic blood 
15 pressure values to said reference minimal diastolic blood pressure value. 

16. The implantable medical device of Claim 15, characterized in that said 
reference and extrasystolic minimal diastolic blood pressure values are sampled blood 
pressure race of change values. 

20 
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